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I) EXECUTIVE SUMMARY 
This project was aimed at investigating the narrow band "whistling" 
characteristics of various plate evaporators. 
As the work progressed, it became increasingly clear that the narrow band 
whistling phenomenon was no longer the primary customer complaint. 
Instead, a "hissing" phenomenon which occurred briefly during system 
startup was the current problem. 
The following tests were carried out during the course of this project:: 
1) Measurement of flow rate and refrigerant superheat leaving the evaporator 
during system startup. These tests established that single phase vapor briefly 
exists in the evaporator during system startup under certain high temperature 
conditions. The refrigerant flow velocities observed are in the range of 
velocities that produce "whistling" in the laboratory. 
2) Testing of single channel plate evaporator samples indicate that all "dimpled" 
plates can be made to resonate if a high enough flow rate is used. 
3) Tests on stereolithography models proved to be a useful tool in the design 
stage of plate evaporators. However, pressure drop and therefore velocity 
distribution of the flow along the plates are very difficult to replicate with this 
technique and these differences are believed to play an important role in the 
noise generation characteristics of plate evaporators. Further work is needed 
in this area if stereolithographic models are to replicate all the relevant 
characteristics of real plate evaporators. 
4) Results of sound intensity tests in an anechoic chamber using a transient 
testing apparatus indicate that the proximity of the expansion valve to the 
evaporator is the primary factor in acoustic emissions for superheated gas at 
relatively low refrigerant flow velocities. Tests with the LH evaporators show 
that the flow straightener and "hockey puck" do not seem to change the 
acoustic emissions in any significant way. Both '97 and '98 LH evaporators 
seem to produce similar acoustic emissions. Results obtained for the NS 
production and RS ev~porators show that for this range of conditions 
(superheated gas and relatively low refrigerant flow velocities), the two 
evaporators behave ina similar manner. Tests were later performed with a 
modified transient experimental apparatus in which flow velocities (but not 
vapor densities) of the order of those obtained during the in-vehicle testing 
could be achieved. There were some peaks in the spectra that could be 
attributed to a Strouhal effecUacoustic resonance type phenomena in the 
region (between 1-5 kHz.). There are less differences between the tests with 
TXV in standard position and remote TXV. 
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5) Noise spectra from Chrysler Technical Center recordings for the NS 
production and NS robust show that the differences between the spectrum 
considered noisy ("hiss") and the spectrum considered normal lie in the 
frequency range between 1-10 kHz. It is believed that these differences are 
caused by a combination of noise producing phenomena related to the flow of 
gaseous refrigerant through the TXV-plate evaporator assembly. That is both 
flow noise generated by the expansion valve and noise generated within the 
evaporator are important. 
LESSONS LEARNED: 
1) The strongest acoustic emissions occur only when single phase vapor flows 
through the evaporator. 
2) It appears that evaporator hissing is heard at lower vapor flow rates and 
whistling occurs at higher flow rates masking the hiss. 
3) The refrigerant sound pressure level generated by an expansion valve is 
white noise (broadband). 
4) The expansion valve generated noise seems to excite structural resonances 
in the evaporator inlet line. 
5) Acoustic emissions from the evaporator between 1-5 kHz include the effects 
of the flow noise through the evaporator plates. Above this frequency range, 
sound radiated by the inlet tube is present. It appears that sound generated 
by the valve is radiated at all frequencies from the evaporator surfaces. 
6) It appears that all evaporator surfaces radiate sound from all sources within 
the evaporator and from fluid entering the evaporator. This is probably due to 
transmission of vibrations through the evaporator structure. 
7) At low vapor flow rates, most noise appears to be generated by the expansion 
valve. At higher vapor flow rates, increasing noise in the 1-5 kHz frequency 
band can be attributed to flow noise in the evaporator plates themselves. 
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RECOMMENDATIONS: 
1) Screens, porous plugs, and some expansion valve designs can reduce noise 
generated by the expansion valve. 
2) Even with reduced expansion noise, problems due to flow induced noise 
within the evaporator may exist. Some evaporator plates designs produce 
more acoustic emissions than others. Recommendations in this direction 
include: 
a) Increase the cross sectional areas of plate evaporator channels where 
refrigerant flows. Flow noise is strongly dependent on flow velocity. 
Increasing cross sectional area can reduce significantly the susceptibility 
of a plate to Strouhal type noise generation, acoustic resonance excitation 
and turbulence generated noise in the fluid. 
b) Design plate evaporators with more uniform cross sectional area across 
the length of the plates. Differences in cross sectional areas will create 
regions within the plate evaporator channels with big velocity gradients, 
this condition its believed to influence negatively the noise generation 
characteristics of plate evaporators. 
c) Redesign of plate evaporator supporting structure and internal flow paths. 
Aerodynamically smooth surfaces and channels in the refrigerant path can 
reduce. the flow induced noise generation by the plates. This not only 
includes the redesign of the supporting structure but also of the headers, 
"Kazoo", etc. 
d) Consider the use of microchannel type evaporators. The small passage 
diameters of such heat exchangers make them very resistant to sound 
transmission from the refrigerant to the passage walls. 
3) It may be possible to use active control of a system equipped with an 
electronic expansion valve (EEV) or an electronically controllable variable 
displacement compressor to avoid conditions that will produce troublesome 
acoustic emissions. 
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II) INTRODUCTION 
This project was initiated in April 1997. The stated goals were: 
1. To compare current production and robust plate evaporator plates. 
2. To investigate alternative plate geometries. 
3. To measure evaporator refrigerant flow velocity during system startup in 
a production vehicle. 
All this work, except for item three, was aimed at assessing the narrow band 
"whistling" characteristics of the various plate evaporators. The whistling 
phenomenon had been observed in the field in vehicles equipped with early 
R134a air conditioning systems. All this work was completed and reported 
to Dayton Thermal Products as the work progressed. 
During the fall of 1997 it became increasingly clear that the narrow band 
whistling phenomenon was no longer the primary customer complaint. 
Instead, a "hissing" phenomenon which occurred briefly during system 
startup was discussed. The phenomenon is illusive. Not all vehicles display 
the problem, but the problem is generally recognized throughout the 
industry. During September-November of 1997, refrigerant flow velocity 
measurements were made on two different Caravan vehicles at the 
University of Illinois. Neither the hissing nor the whistling phenomena were 
observed in either vehicle, but it was established that the flow velocities 
observed are very close to those needed to initiate evaporator resonance 
(whistling). During February, 1998, we visited the Chrysler Technical Center 
and listened to a vehicle which consistently hissed. We also listened and 
evaluated recordings of a hissing vehicle using the Technical Center 
facilities and the assistance of Technical Center staff (see Section VIII). 
Our experiments on plates indicated that at flow rates too small to support 
narrow band whistling, a somewhat broader band, low amplitude acoustic 
emission is observed. Furthermore, our work on ACRC Project 72 "Modes 
of Propagation of an Acoustic Signal from Expansion Devices and 
Investigation of Possible Attenuation" Demonstrated that the expansion 
device can generate significant acoustic energy and that it can be 
propagated as narrow band, sound through the downstream refrigerant tube 
walls (see Section IX). At this point a series of tests involving the 
measurement of sound intensity measurements on complete evaporators 
was undertake in an effort to determine if the "hissing" sound was primarily 
produced by the expansion valve or by vortex shedding in the evaporator 
itself. This testing proved to be quite difficult (see Section VII) and it was 
impossible to duplicate the flow rates observed in our in vehicle tests using 
our apparatus, but useful results were obtained. 
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III) EXPERIMENTAL APPARATUS 
In this section a brief description of the different experimental setups that 
were used to perform the tests in the plate evaporators, plate evaporators 
sections and stereolithography samples will be described. 
a) Description of refrigerant test setup 
The main objective of the R134a test set up is to maintain the required state 
(pressure, temperature, and superheat or quality) at the inlet of the plate 
evaporator sample under test. The schematic of the experimental facility (a 
continuous flow system designed initially for expansion valve studies around a 
diaphragm pump and a number of coaxial heaters and heat exchangers) is 
shown in Figure 1. 
Pulsation cushion coaxial heaters 
B Heater/evaporator 
E Condenser/subcoole 
C 
Condenser 
~ Pressure transducer Plate evaporator 
cp Thermocouple Receiver 
0 Sight glass 
Pump Subcooler 
l><I 
Refrigerant Valve 2 
Doli Regulating valve Diaphragm Pump 
Figure 1. R134a experimental setup - simplified. 
A high head diaphragm pump (A) instead of a compressor ensures more 
freedom in choosing the refrigerant, the oil, and the oil concentration. Using a 
vapor cushion produced with the first array of coaxial heaters (8) minimized the 
acknowledged possibility of pressure pulsations. The refrigerant was re-
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condensed in the condenser/subcooler (C) in order to measure the mass flow 
rate (D). Flow rate is controlled by the expansion valve (F) and pump bypass. 
Fine adjustment of the refrigerant conditions at the inlet of the evaporator is done 
using heaters (G) after the expansion. 
The process is shown in Figure 2. It should be noted that the process is 
clockwise (evaporation occurs at high pressure and condensation at the low 
pressure). 
The diaphragm pump moves subcooled liquid from state 1 to 2 (state 2' 
represents an ideal, isenthalpic, process). Heaters (8) then heat and evaporate 
or partially evaporate refrigerant to state 3. Point 3 could be superheated or in 
the two-phase region. The purpose of evaporation is, as explained earlier, to 
ensure er:l0ugh vapor volume to absorb the pressure pulsations created by the 
diaphragm pump. Vapor is then condensed and sufficiently subcooled in the 
subcooler (C) to ensure single phase liquid flow through the mass flow meter 
(state 4). The heater/evaporator (E) adequately adjusts refrigerant state prior to 
the expansion device. Process 5-6 (or 5'-6', or 5" - 6") represent isenthalpic 
throttling in the expansion device. The process in the plate heat exchanger tested 
is shown with line 7 - 8. Condensation in the condenser brings the refrigerant to 
state 9 (saturated and slightly subcooled liquid). Further subcooling is achieved 
in the pump subcooler (with slight pressure increase due to the liquid column) 
which brings the refrigerant back to the state 1. 
p 
h 
Figure 2.: Pressure enthalpy diagram of the test cycle. 
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b) Description of nitrogen test setup 
Tests with refrigerant are long and require significant time for sample preparation 
and for adjusting operating parameters. In order to test some ideas fast and to 
test samples beyond the capabilities of the refrigerant experimental setup, 
nitrogen could be used. Nitrogen testing provides very useful information that can 
be translated to information that could be obtained using refrigerant but without 
difficulties associated with the refrigerant test setup [5]. As mentioned above, the 
refrigerant testing facility was originally designed for orifice tube performance 
studies. It has been established [1] that the most problematic conditions from a 
noise generation point of view develop when single phase gas flows through the 
evaporators. This has also been that case for expansion device associated noise 
[7]. There are some limitations to the attainable flow rates that the R134a 
refrigerant setup can reach, especially if they need to be of gaseous refrigerant. 
There are also difficulties associated with leakage of the sensors due to the 
internal pressures of the refrigerant inside the evaporator samples. These are 
some of the reasons why nitrogen testing is useful. 
Figure 3 shows a schematic of the nitrogen experimental setup. This setup is 
much simpler than the R134a refrigerant setup principally because this is an 
open loop (i.e. nitrogen is released to the atmosphere). This loop is extremely 
simple to use and reaches a steady state in just a few seconds in comparison 
with the R134a facility which needs between 1-2 hours to reach steady state. The 
description of the nitrogen set up follows: A tank of nitrogen is fitted with a 
pressure regulator as shown. The pressure regulator is used to control the 
pressure upstream of the evaporator and thus the mass flow rate. Nitrogen is 
passed through a heat exchanger to maintain constant temperature at the 
evaporator inlet. Temperature and pressure are measured upstream of the test 
section. Flow rate is determined by a venturi and a Coriolis flow meter. 
N2 
Pressure 
Regulator 
Heat Exchanger Mass Flow Meter 
P,T 
Venturi 
Figure 3. Nitrogen experimental setup. 
Stereolithography 
Prototype or Plate 
Evaporator Sample 
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The flow velocity is controlled by varying the pressure at the outlet of the gas 
pressure regulator. There is a significant pressure drop, especially at the higher 
flow rates, between the regulator and the inlet to the venturi flow meter. 
Pressure drop occurs mainly in the large nitrogen heat exchanger. This heat 
exchanger allows us to maintain nitrogen temperature at the inlet of our test 
section almost constant at all flow rates tested. This fact permits us to assume a 
constant speed of sound for these tests. In comparison, in the refrigerant test 
setup the speed of sound varies considerably mainly because superheat is 
harder to control, and therefore this parameter has to be taken into account for 
each individual test. 
c) Description of transient tests setup 
Figure 4 shows the apparatus used to try to reproduce the conditions 
encountered by the TXV-plate evaporator assembly in typical transient operating 
conditions. This apparatus can be used to perform objective plate evaporator 
assemblies noise comparisons in their original configuration (i.e. TXV and plate 
evaporator together) and of internal flow noise generation of only the plate 
evaporators. The advantage of this experimental setup is that it can be used to 
measure the noise coming from the evaporator or the TXV-evaporator assembly. 
This setup can be used to separate noise that is due to flow noise generated in 
and transmitted from the evaporator from noise generated the valve and 
transmitted from the evaporator. 
The apparatus consists of a R134a tank, which is pressurized by submerging it in 
a constant temperature water bath. When the pressure in the R134a tank 
reaches a predetermined value the valve that feeds the TXV is opened. The TXV 
used is modified so that the diaphragm pressure is controlled externally; in our 
case we control it by pressurizing the diaphragm with nitrogen. The R134a then 
flows through a long section of copper tube that attenuates the noise emitted by 
the valve. To eliminate noise coming from the tubes in the measurement room, a 
very rigid PVC pipe was used to cover them. By doing this we can confidently 
measure the noise being emitted by the plate evaporator itself. After flowing 
through the evaporator the refrigerant passes through the outlet port of the TXV 
and then through our measurement equipment to finally end in the vacuum tank. 
The vacuum tank was evacuated prior to the beginning of the test. Similar tests 
were also conducted with the TXV in its normal configuration next to the plate 
evaporator by slightly modifying the setup. 
With this experimental setup upstream and downstream conditions at the plate 
evaporator assembly can be controlled and tests without noise contamination 
from other noise sources present in a vehicle can be conducted. The TXV-Plate 
evaporator assembly was placed inside a drum so that all the acoustical energy 
emitted by the assembly would flow Qut the open face of the drum. Sound 
intensity measurements made at this open face permit the total sound power 
emitted by the evaporator to be computed. See Appendix E. 
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Figure 4. Experimental setup to measure transient noise generation in TXV-plate 
evaporator assembly 
d) Description of in-vehicle tests setup 
Tests were performed in two Caravan vehicles of different models (1994 and 
1997). The tests consisted in the measurement of flow rates, pressure, and 
temperatures of the refrigerant that flows in the suction line. Acceleration 
measurements were also conducted in some locations. These measurements 
were taken after the cabin was preheated and humidified and lasted only during 
the first few seconds after the compressor clutch engaged. 
Instrumentation of the suction-liquid line hose assembly was performed on the 
suction side. A detailed description of the measurements follows: 
1) Differential pressure across a venturi. 
2) Suction manometric pressure. 
3) Suction temperature. 
4) Acceleration on·· the suction line right next to the expansion valve 
(downstream) in Caravan 1994 tests and at two positions in the plate 
evaporator assembly during the Caravan 1997 tests. 
5) Reference temperature 
6) Clutch voltage 
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Pressure was measured by using two Validyne Engineering differential pressure 
transducers model (DP15); one using a diaphragm of -20 to 20 psid. This 
. transducer was connected to the high and low pressure ports of a Gerand %" 440 
Venturi flow meter. The other pressure transducer had a diaphragm, which gave 
it a range from -320 to 320 psid. This transducer was connected to the high 
pressure port of the Venturi flow meter on one side and open to the atmosphere 
on the other. The pressure transducers, according to the manufacturer, have a 
frequency response of up to 1 kHz, but it is more likely that this response is 
limited by the acoustic resonance frequency of the lines connecting the 
transducers, therefore these lines were as short as possible (approx. 4"). 
Temperature was measured using a specially ordered high speed thermocouple, 
which according to the manufacturer (Nanmac Co.) has a response time of 20 
ms. The reference temperature for this thermocouple was obtained using a two-
terminal temperature transducer chip model AD590 from Analog Devices. This 
transducer was calibrated in the laboratory and was used for two purposes: 
1) To provide a reference temperature for the above thermocouple since 
it was mounted in thermal contact with the connection of the 
thermocouple to copper instrument cables. 
2) Measure the outdoor temperature (Laboratory temperature where car 
was tested). 
A PCB model-352B66 miniature accelerometer with a sensitivity of 100 mV/g was 
installed as described above. The accelerometer was mounted in this position to 
try to pick up any acoustic resonance or other type of noise generated in the 
plate evaporator through the suction line. 
Voltage to the compressor clutch was measured after passing it through a 
voltage divider to reduce the signal sent to our data acquisition system. This 
signal was used as a way to determine when the compressor started to operate. 
Finally all the sensors were connected to a high speed data acquisition system. 
The sample frequency used was 2 kHz. for temperatures, pressures and clutch 
voltage and 50 kHz. for acceleration. 
The 2kHz. data channels were low pass filtered with a 667 Hz. Upper pass 
frequency. The acceleratioD data filter bandwidth was 14,500 Hz. Photographs of 
the test apparatus are shown in appendix E. 
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IV) IN-VEHICLE TESTING OF PLATE EVAPORATORS 
These tests intend to determine the variation of some parameters, mainly 
refrigerant mass flow and velocity, on the low side of the AlC system during start 
up conditions. 
The tests were designed to capture the rapid changes in conditions at the 
evaporator outlet during air conditioning system start up. In particular we were 
interested in finding the range of refrigerant flow rates under transient operation to 
determine conditions at the plate evaporator that might produce acoustic 
resonance. 
In order to get the measurements· described above first the instrumentation was 
installed in the vehicles. This can be seen in the Appendix E photographs of the 
tests. This basically consisted of removing the refrigerant from the system, 
installing a venturi flow meter and thermocouple section in the suction line, and 
then recharge the system to specifications (34-36 oz). 
94 CARAVAN TESTS 
This section presents results obtained during testing of a 1994 Chrysler Caravan 
owned by and lent to us by a colleague. 
The following table describes some of the tests performed to this vehicle. 
Name: 
Baseline 3 
Test 3 
Test 4 
Test 5 
Test 6 
Tests Performed 
Test Descri tion: 
The air conditioning fan was set at maximum with the windows 
open so that the system would not cycle. After the system ran 
for a considerable time and attained "steady state" operation 
data was collected. 
The heater was turned on at the highest settings with the 
windows closed. After the van was very hot, re-circulation of 
the air was started with the idea of warming up the evaporator 
to empty it. Finally the AlC and instrumentation systems were 
started. 
Test 4 is identical to Test 3 with the exception that acceleration 
measurements were not taken. This was done to lengthen the 
time of data collection. 
Test 5 was performed using the same procedure described in 
test 3 but the difference was that the system charge was 
lowered 200g from the initial 1000g of charge in the system. 
The difference between test 6 and test 5 is the elimination of 
the acceleration channel to lengthen the time of data collection. 
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Results 
Appendix A show the basic and calculated data for each test. Clutch voltage, 
acceleration, suction temperature, differential pressure across the venturi, suction 
pressure, and reference temperature were directly plotted from data. Mass flow, 
density and average velocity assuming the smallest circuit area equal to 6 1/2 
plates. 
Our examination of the data shows the following: 
1) All measured data seems to be reasonable. . 
2) The evaporator of this vehicle did not whistle during this series of tests. 
3) The acceleration measurements do not show any harmonic content in the 
expected acoustic resonance region. But it should be noted that the 
accelerometer could not be mounted in the plate evaporator and was therefore 
mounted in the suction line in an attempt to detect plate evaporator acoustics 
at this more accessible location. 
4) If we assume that the evaporator circuiting included a pass with 6 1/2 plates, 
calculated peak velocities are in the neighborhood of refrigerant velocities 
which produced whistling in plates tested at the University of Illinois. 
Appendix A also shows graphs of suction and saturated temperatures of the 
different tests performed. Suction temperatures are measured directly. The 
saturated temperatures were estimated using suction pressures and a R134a 
curve fit shown in appendix D. The curve fit was obtained with the use of the 
package Engineering Equation Solver (EES). As can be seen in these graphs for 
test 3 and test 4 there is a region in which the two graphs coincide after the clutch 
engages at approximately 15 to 25 seconds for the test 3 graph and at 40 to 57 
seconds for test 4 graphs. The graphs indicate that during this time two phase 
refrigerant circulates through our instruments and therefore the calculated 
velocities are not expected to be correct. For the baseline 3 test as well as tests 5 
and 6 it seems that we always experienced superheated vapor flow. 
Appendix D also shows the set of equations used to calculate mass flow and 
density. Density calculations are valid only for superheated refrigerant. Density is 
needed to estimate mass fJow and with mass flow, the velocity can be estimated 
once the cross sectional area of the 6 % refrigerant channels of the first circuit for 
the plate evaporator are determined. 
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97 CARAVAN TESTS 
In this section results obtained during testing of a 1997 Chrysler Caravan brought 
to our labs from Chrysler Auburn Hills Technical Center will be presented. This 
section follows the same format as the previous section. In addition to the 
information presented in the previously, acceleration measurements in the plate 
evaporator and in the tube downstream of the evaporator were taken. Cabin 
temperature and humidity are now also reported. 
The following table describes some of the tests performed to this vehicle. 
Name: 
Test97 1 
Test97 _2 
Test97 _5 
Test97 _6 
Test97 7 
Tests Performed 
Test Descri tion: 
First the cabin was heated using the vehicle heating system 
with re-circulation on. Humidity was added to the cabin by 
spraying fine water mist into the warm air. Conditions inside 
the cabin for this test were 124 of with approx. 88 %RH. 
Charge in the system is 500g. The car was running at idle 
rpm conditions i.e. approx. 800 rpm. 
Similar conditions to previous test but now running at 2500 
rpms. 
Conditions inside the cabin: 116 of, approx. 92%RH, 
charge of 1000g, running at idle rpms conditions. 
Conditions inside the cabin: 122 of, approx. 95%RH, 
charge of 1000g, running at 2500 rpms conditions. 
During tests 1 to 4 the AlC system settings were: re-
circulation on, temperature sliding controls to hot, and fans 
directed to feet. These settings at maximum fan speed 
were used to warm the cabin, then the fan speed was 
reduced to the minimum and the data acquisition system 
and compressor were turned on. Tests 5, 6 and 7 were 
performed differently, after the cabin was warm and ready, 
re-circulation was turned off, the temperature sliding 
controls were set to cool and then the data acquisition 
system and compressor were turned on. For this test: 
Conditions inside the cabin: 128 of, approx. 90%RH, 
charge of 1000g, running at idle rpms conditions. 
Conditions inside the cabin: 129 of, approx. 82%RH, 
charge of 1000g, running at 2500 rpms conditions. 
Conditions inside the cabin: 129 of, approx. 68%RH, 
charge of 1000g, running at 4500 rpms conditions. 
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Results 
Appendix A shows the measured and estimated data for each test. Clutch voltage, 
accelerations, suction temperature, differential pressure across the venturi, 
suction pressure, and reference temperature were directly plotted from data. Mass 
flow, density and average velocity assuming the smallest circuit area equal to 6 
1/2 plates were estimated using the equations presented in appendix D. 
Our examination of the data shows the following: 
1) All measured data seems to be reasonable. 
2) The evaporator of this vehicle did not whistle during this series of tests. 
3) The acceleration measurements do not show any harmonic content in the 
expected acoustic resonance region. 
4) Flow velocities estimated for an evaporator circuiting including a pass with 6 
1/2 channels formed by the plates are shown in Appendix A. These flow 
velocities are in the range where acoustic resonance has been detected in the 
laboratory for this type of plate evaporator. Results presented in [1] could be 
consulted to see acceleration measurements on a single plate subject to 
similar flow rates. 
5) Flow velocities measured for this vehicle are considerably higher than those 
measured for the 1994 Caravan. Average peak flow velocity for the 1994 
Caravan is approx. 15 mls for a 6 % pass section vs. approx. 21 mls for these 
tests. 
6) Acceleration power spectra obtained from the acceleration time history data 
taken at the side of the plate evaporator does not show conclusive signs of 
acoustic resonance in the evaporator. 
Appendix A also shows graphs of suction and saturated temperatures of the 
different tests performed. Suction temperatures are measured directly as 
presented in appendix A (Shown as the darker line). The saturated temperatures 
were estimated using suction pressures and a R134a curve fit shown at the end of 
Appendix A. 
Graphs for tests 1 and 2 show that there is always superheated vapor refrigerant 
during the approx. 40 seconds that the test lasts. For the rest of the tests Le. 
tests 3-7 there is always a region in which saturation and suction temperature are 
close together which would" correspond to saturated or two-phase conditions. In 
this region all estimated values are not correct (Le. mass flow, density and plate 
evaporator flow velocity). 
Appendix D shows the set of equations used to calculate mass flow and density. 
Density calculations are valid only for superheated refrigerant. Density is needed 
to estimate mass flow and with mass flow, the velocity can be estimated once the 
cross sectional area of the 6 % refrigerant channels of the first circuit for the plate 
evaporator are determined. 
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V) DESCRIPTION OF TESTED PLATES AND TEST PROCEDURE 
In this section the results of the comparison tests of the different families of plate 
evaporators will be presented. Tests were made for the LH, NS, PL and JA 
production and robust plate evaporator designs. 
The tests were performed on a single channel of the plate evaporators. A brazed 
section consisting of two plates forms a channel. The procedure to extract a 
sample from an evaporator is the following: First the channel is cut from an 
evaporator, then, from the inlet and outlet header of this channel tubes are added 
by welding. These tubes connect to a block. The block can then be hooked up to 
our experimental apparatus. See Appendix E. 
The tests consisted of measuring acoustic pressure (dynamic pressure) at 
different positions inside the channel (Le. where the refrigerant flows) by a 
dynamic pressure sensor mounted flush to a wall of the channel. Figure 5 shows 
the naming convention of the microphone positions used for the two different 
types of plate evaporators in Appendix C. Two fluids were used for these tests, 
nitrogen and R134a refrigerant. Nitrogen tests are much simpler to perform since 
nitrogen can be controlled much easier than refrigerant. Nitrogen tests, as was 
shown previously, are run on an open loop (Le. nitrogen is released in to the 
atmosphere). Therefore one needs to be less careful about leakage from the 
dynamic pressure sensors installed on the channels. On the other hand, R134a 
tests are made under considerable refrigerant pressures and sensor installation 
is critical. Other problems associated with R134a refrigerant testing are related to 
the limitations in flow rate that our experimental apparatus experiences for the 
conditions needed in these tests, which were demonstrated to be for high flows 
of superheated gas. 
o 
Inlet 
o 
Mid 
o 
Outlet 
o U-8end 
o 
Inlet 
o 
Mid 
Figure 5. Microphones positions in plate evaporator samples. 
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NS Production and NS Robust evaporators. 
Photographs of these plate evaporators can be seen in Appendix E. The main 
differences between the two are: Increase in "dimple" size in NS robust, use of 
"speed bumps" and a small decrease in cross sectional area. The use of larger 
"dimple" size as been shown to retard the initiation of acoustic resonance [4]. In 
this case however the increase in "dimple" size is not as effective due to the 
reduction in cross sectional area of the NS robust evaporator which will increase 
cross sectional flow velocity for a given flow rate of refrigerant (see Appendix E). 
The NS production plate evaporator cross sectional area varies considerably 
more than the NS robust cross sectional area (between 35.8 to 41.3 mm"2 for 
the NS production compared to 30.3 to 31.8 mm"2 for the NS robust). These 
variations in area will cause different flow velocities in the channel at different 
points and may contribute to the propagation and/or generation of flow 
instabilities that could excite the channel acoustic modes more easily. The NS 
production sample has flat walls (i.e. it has no speed bumps), this condition is 
believed to influence how well an acoustic resonance can be excited [1]. Figure 
6a and 6b and NS production and NS robust plots in Appendix C show that the 
NS production obtains much higher values of the dynamic pressure amplitudes at 
resonance. Looking at the Frequency-velocity plot (Figure 6c) it can be 
determined that there is a more linear relationship between frequency and 
velocity for the NS production. A linear relationship establishes the classical 
vortex induced mechanism of acoustic resonance excitation. For the NS robust 
there is no clear frequency-velocity relationship. 
LH Production and LH Robust evaporators. 
Similar modifications to the ones described in the previous paragraph have been 
made between the LH production and robust plates. In this case, the smallest 
cross sectional areas (at the "dimples") for the LH robust seem to be perfectly 
matched at 32.2 mm"2. The LH production cross sectional areas at the "dimples" 
vary from 40.6 to 46.8 mm"2. Therefore there are more marked flow velocity 
gradients that, as for the NS production, can cause a more favorable condition 
for the creation or propagation of flow instabilities. For both the LH production 
and robust there seems to be a linear frequency-velocity relationship until the 
onsite of acoustic resonance where there is a frequency "lock-in" phenomena. 
Frequency "lock in" at the acoustic natural frequency tends to be the norm when 
an acoustic resonance is excited. The LH production seem to be the one that has 
a stronger acoustic resonance as can be seen in Figure 7. However, the LH 
robust can be made to resonate (see Appendix C). 
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RS Evaporator. 
The RS plate evaporator is a radically different design in comparison to the NS 
production and NS robust plates. The main difference in this design is the 
elimination of "dimples" for plate support and the introduction of "long baffles" 
similar to the one previously used to divide the plate in two so that the flow could 
turn at the end of the plate (see Appendix E). With the introduction of the long 
baffles, the transverse acoustic natural frequency of the long channels formed by 
the baffles is very high due to the small dimensions of the formed chamber. With 
this design avoidance of acoustic resonance by the elimination of the excitation 
("dimples") and acoustic resonator (by increasing the acoustic natural frequency) 
was intended. Testing of the RS plate evaporator showed some peaks in the 
pressure spectra to our surprise. These peaks, however, are much lower than 
the peaks obtained during a clear acoustic resonance. This can be seen when 
comparing the amplitudes of the peaks for the NS production and NS robust in 
Figure 6 to the amplitudes for the RS plate evaporator in Figure 8. One possible 
problem with having a plate like the RS is that the baffles are not interconnected 
and this could lead to refrigerant maldistribution. In the RS plates the long baffles 
are only connected at the "U-Send" (see Figure 5) where instead of baffles a 
series of "dimples" are used to support the structure. In this region there is 
refrigerant mixing prior to entering the exit part of the plate that is identical to the 
entrance part of the plate. This section with "dimples" at the U-Send was 
believed to be a problem section where in some transient operations the 
"dimples" could produce a periodic flow instability that could cause the peaks in 
frequency of the acoustic pressure power spectrum graphs by themselves or by 
exciting the U-bend section acoustically. A series of tests in which the RS sample 
was cut at the end to eliminate the effects of the "dimples" were performed. The 
results are included in Figure 8. The acoustic pressure spectra can also be seen 
in Appendix C. The results indicate that there is a significant reduction in the 
amplitude of the peaks in the spectra when there are no dimples. However, as 
mentioned above, they are still much less in comparison to what was found for 
the NS production and robust plate evaporators; Testing of a stereolithography 
model with baffles also showed similar behavior to the one described here for the 
RS plate evaporator. 
With respect to the frequency-velocity relationships of the peaks in the acoustic 
pressure spectra for the RS plate evaporator sample complete and without the 
"U-bend" there seems to be two very different phenomena in effect for both 
samples. For the complete'RS sample, there seems to be a linear relationship 
between frequency and velocity typical of vortex shedding by a cylinder or a 
staggered array of cylinders. This could be associated with the "dimples" at the 
"U-Send". For the cut RS sample, there seems to be a very strong lock in at two 
different frequencies depending in the flow velocity. This can indicate an acoustic 
resonance somewhere in the sample, but in this case the excitation mechanism 
is not evident. 
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PL production and PL robust evaporators. 
Photographs of the PL production and robust designs can be seen in Appendix 
E. There are major differences between the two designs. The PL production 
plates use structural supports of the in-line short "sausages" at an angle design. 
When two of these plates are faced against each other for brazing, these 
supports form a cross like structure. The PL robust is formed by "dimples" that 
are neither in-line nor staggered in arrangement, they lie somewhere in between 
these two typical configurations. There are no reports in the literature about the 
acoustical/Strouhal behavior of this type of intermediate configuration. The cross 
sectional areas of the two plates are 24.1 mml\2 and 19.7 mml\2 for PL 
production and robust respectively. The area difference implies that for any given 
flow rate one would have a higher velocity with the PL robust. Flow velocity is the 
variable directly linked with many of the noise generation mechanisms. Figure 9a 
shows that for a given nitrogen mass flow the PL robust acoustic pressure 
amplitudes are always higher than for the PL production plate evaporator. In 
Figure 9b however, one can see that the PL robust resonates at a higher flow 
velocity than the PL production. These two effects indicate that the PL robust 
would be a better design than the PL production if one could increase the cross 
sectional area of this design to increase the mass flow rates. 
The frequency-velocity relationships of these two types of heat exchangers are 
very different. For the PL production, there is no clear relationship between 
velocity and frequency. This agrees with results found in the literature for in-line 
arrays of tube bundles which do not follow a linear frequency-velocity relationship 
because the excitation mechanisms is not believed to be vortex shedding but a 
jet instability [8]. The jet instabilities form in a similar way that vortices shed from 
single cylinders form, but they are symmetric with respect to the jet in the flow 
passage between tubes ("dimples"). The PL robust due to its intermediate 
configuration could have behaved like either the staggered or in-line arrays or 
may be something completely different. Figure 9c shows that it behaves more 
like a staggered arrangement with a classical Strouhal effect vortex shedding 
excited acoustic resonance. 
JA production and JA robust evaporators. 
The JA production and robust plates also have a very different internal designs. 
A picture of the JA production plate can be found in Appendix E. The JA robust 
plate consists of an internal, design similar to the PL robust with "dimples" in an 
intermediate arrangement petween in-line and staggered. Figure 10 shows the 
behavior of these samples as a function of mass flows. In this case, two samples 
of the JA robust were tested to check for variability. There seems to be some 
variation between samples but the main trends and magnitudes of values are 
maintained. With respect to the frequency behavior there is a resonance at very 
high frequency for the JA production. This indicates that the resonance is not 
exactly transverse to the flow, but this is very possible due to the complex design 
of this heat exchanger. On the other hand the JA robust seems to follow the 
classical vortex shedding excited acoustic resonance. 
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Figure 9. PL production and PL robust plots of information from the peaks in the 
acoustic pressure power spectrum as a function of mass flow and velocity 
(nitrogen). 
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fundamental resonance frequency (Appendix C shows the spectra from which 
these plots were made) 
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VI) TESTING OF REPRESENTATIVE STEREOLITHOGRAPHY MODELS 
The rapid prototyping technique of stereo lithography was tried in our laboratory 
with a typical staggered cylinder array configuration. The original intention was to 
check if we could use this tool to investigate the acoustic resonance phenomena 
in plate type heat exchangers. The first tests showed promise for this technique 
when the first sample made resonated acoustically at its transverse natural 
frequency in a similar way as typical plate evaporators resonate. During these 
tests an internal dynamic pressure sensor was also implemented. Originally it 
was believed that, due to the relative sensor insensitivity, only the strong acoustic 
resonance pressure fluctuations could be picked up. Later it was found that the 
sensors were able to pick up much smaller amplitude signals and this opened up 
the possibilities to study the excitation mechanism. 
After the initial tests, different stereolithography models were made to investigate 
the acoustic resonance phenomena and also to try to reproduce the acoustic 
behavior of typical plate evaporators. Tests to date indicate that this technique is 
very helpful in determining behavior of simplified geometries (Le. arrays of 
cylinders in a channel). The typical support structure of real plate evaporators is 
extremely complicated due to several factors like: 1) The use of different size 
supporting structure, 2) Use of non-cylindrical supports, 3) Arrangement of 
supports, 4) "Speed bump" locations etc. Even if a standard staggered array is 
tried in a real plate, due to the nature of the stampings and the brazing, the 
internal structure would be composed of "hourglass" type supporting structure 
that forms when the two semi-hemisphere "dimples" are brazed together. 
Another important factor is the pressure drop along the length of the channel 
where the refrigerant flows. Depending in the pressure drop, there will be a range 
of flow velocities along the length of the channel. Vortex shedding, the classical 
excitation mechanism, is a linear function of velocity. This fact indicates that the 
resonance in the plate probably starts at the end where the flow velocity is 
greater and then propagates to the entire plate as the acoustic resonance forces 
the flow periodicities to "lock-in" at the acoustic natural frequency of the 
resonance. This theory seems to contradict some results from the literature for 
large tube array type heat exchangers where there is evidence that the acoustic 
excitation is generated in the first few rows of tubes [9]. One important 
observation is that for these large heat exchangers there is minimal pressure 
drop, and therefore, minimal flow velocity variations along the length of the heat 
exchanger. Pressure drop seems to be a characteristic of plate type heat 
exchangers when gas flows occurs. The accurate reproduction of the pressure 
drop and internal geometry, for a given plate evaporator are the two main factors 
that limit the use of this rapid prototyping technique for the replication of the noise 
from a real plate by a stereolithography model. Results of some of our tests with 
this technique can be seen in [4]. 
A stereolithography model that resembles the baffled section of a RS evaporator 
was also made and tested with nitrogen. Results of these tests can be seen in 
Appendix C. Figure 11 shows the amplitude-velocity and frequency-velocity 
graphs for this stereolithography model. 
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Figure 11. Baffled stereolithography model plots of information from the peaks in 
the acoustic pressure power spectrum as a function of velocity (nitrogen). 
Figure 11 shows that there is a similar behavior for the baffled stereolithography 
model and the RS sample without the "U-Bend dimples". The amplitude of the 
dominant peak in the spectra increases with flow velocity for these two cases in a 
similar way. On the other hand the frequency seem to stay at a constant value for 
a large range of flow velocities. The length of the stereolithography model and 
the RS cut sample are not the same. The stereolithography model is constrained 
by our experimental setup and the rapid prototyping machine. The RS on the 
other hand was tested when only the "U-Bend" section was cut. The length of 
these channels can be linked to the frequency of the peaks in the acoustic 
pressure power spectrum. Further study of this phenomenon is necessary to find 
the cause of this particular behavior. 
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VII) TRANSIENT TESTING OF PLATE EVAPORATORS 
Introduction 
Noise from plate evaporators is a complex phenomenon that can be caused by 
several different mechanisms and sources. The main possible causes are: 
1) Noise generated by the expansion valve and transmitted by the plate 
evaporator structure 
2) Noise from the plate evaporator when some of the internal cavities are 
excited by the white noise emitted from the TXV [7] 
3) Noise' generated by the flow of fluid (refrigerant) through the plate evaporator 
when this fluid passes through the plate supporting structure (aeolian tones-
Strouhal effect or acoustic resonance) 
4) Noise generated by the flow of fluid (refrigerant) through the plate evaporator 
when this fluid passes through some of the internal cavities of plate 
evaporator like the inlet header 
5) Noise transmitted by the inlet tube when this tube is excited by the TXV (see 
Section IX and [6]) 
6) Noise transmitted by the outlet tube when this tube is excited by the "kazoo" 
or the exit fitting of the plate evaporator (see Section IX and [6]) 
The purpose of the transient testing of the plate evaporators in a controlled 
environment is to eliminate the effects of other automobile noise generating 
components. The transient testing apparatus also provides flexibility in the 
control of conditions upstream of the TXV-plate evaporator assembly. Control of 
downstream conditions is more difficult and caused some problems due primarily 
to the required size of the downstream vacuum tank. Due to this condition which 
was discovered when analyzing the data, previous preliminary results sent to 
Chrysler/DTP are valid only for low mass flows of superheated refrigerant R134a; 
The transient testing apparatus can be used to separate the noises created by 
the refrigerant flow by itself in the plate evaporator when the TXV is remotely 
installed. When installing the TXV in its normal position next to the evaporator 
and repeating the tests, the different noise behavior can be directly linked to 
effects caused by the TXV. 
Description of testing conditions 
A description of the apparatus can be found in Section III. The tests were 
conducted using superheated R134a refrigerant. The refrigerant was pressurized 
in a tank until the testing conditions were reached. In this case 300 psig were 
used. This pressure was used since it is a typical condenser pressure on a very 
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hot day. The low pressure used was -13.5 psig. This vacuum pressure simulates 
the pressure seen by the evaporator when the compressor starts operating but 
the TXV has not yet opened. This pressure is lower than typical operating 
suction pressures found in the vehicle. By using this low pressure we believed 
that the vacuum tank inevitable pressurization during the tests would be small so 
that at the end similar conditions to the ones encountered in the vehicle would be 
attained. In this way by controlling the pressure of the refrigerant feeding the 
evaporator and the low pressure in the evaporator itself we tried to model typical 
transient operating conditions of the TXV-plate evaporator assembly in a quiet 
environment. As mentioned in the introduction, later we found that the 
downstream pressure from the evaporator was not reproducing typical values 
seen for the in-vehicle tests. This was corrected when the back pressure was 
reduced. Appendix B shows results obtained for the two types of tests (i.e. with 
high back pressure and low back pressure). 
Reduced back pressure tests 
After reducing the data taken with our original transient testing apparatus, it was 
found that due to the vacuum tank cylinder valve there is a considerable rise in 
the back pressure during testing. This rapid increase of the back pressure 
causes the density and flow rate to diminish. A modified version of the test setup 
in which the back pressure is maintained low was then used to test the LH '98 
and the NS production plate evaporators with the TXV in place and in a remote 
position. The flow velocities obtained for this arrangement can be seen in 
Appendix B. The mass flow rate is approximately the same for the tests with the 
two different back pressures. This is due to the choked flow conditions at the 
valve in which the downstream pressure has no effect on the mass flow. The 
difference in the velocities obtained for the two types of tests is due to the 
reduced denSity, which for a given mass flow translates into higher flow 
velocities. These higher flow velocities are comparable to the flow velocities 
found for the in-vehicle tests. 
The flow velocity in this set of tests is approximately what was measured in tests 
of the Caravan vehicles. There are some variations that need to be discussed. In 
our tests we controlled the inlet pressure feeding the tank to 300 psig. The outlet 
pressure was maintained by dumping the refrigerant to a very large tank 
(effectively like the atmosphere) but increased a little when the test was running 
due to piping loses. Vapor was being fed to the TXV-plate evaporator assembly. 
These conditions should give us very large flow rates (compared to standard 
operation) since they correspond to a saturation temperature of 160 OF and a 
suction temperature of 0 oF. The density for the in vehicle tests is significantly 
larger than what was measured for the tests in the transient experimental 
apparatus. As mentioned the plate evaporator flow velocities are comparable, 
therefore there is significantly less mass flow for these tests. During in vehicle 
tests vapor flowed out of the plate evaporator for at least 10 seconds. A possible 
explanation could be that there is two-phase refrigerant coming in from the 
expansion valve. If this is the case, After this two-phase mixture enters, it 
vaporizes in the first stages of the plate evaporator that is warm under certain 
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conditions. Another possible explanation could be that there is extremely high 
inlet pressure which would cause the flow rate to be high even for suction 
pressures as those measured in the vehicles. 
The inlet conditions for the refrigerant going to the TXV-plate evaporator 
assembly for the in-vehicle tests were not established. Refrigerant 
maldistribution or the transient operation of the system could affect the inlet 
conditions. Oil circulation can also be a factor in noise generation and emission 
as suggested by comments from Dayton Thermal Products personnel about the 
noise reductions experienced when more oil is put in the system. If the input 
refrigerant conditions were known, this information could also be used to 
separate the TXV noise generation from the plate generated noises. TXV noise 
inside pipes has been measured [7]. It has been found that for two-phase 
refrigerant flow downstream from the expansion devices in general there is a 
major reduction in sound generation as compared to gas. Therefore if noises are 
detected for two-phase TXV operation this could more likely be caused by the 
refrigerant gas after the two-phase refrigerant from the TXV vaporizes in the first 
stages of the plate evaporator. This is supported by our testing since the 
contributions to noise from the LH tests performed at high flow seem to be 
significant even when the TXV is remotely installed. This indicates noise 
generation by the flowing refrigerant gas through the plate channels. 
Description of how the data was taken 
Tests were performed on '97 and '98 LH production, NS production and RS plate 
evaporators. The following is a description of each test: 
Tests performed on the '97 LH Evaporator 
1) Testing with the TXV in a remote position to eliminate its effect on noise 
generation 
2) Testing with TXV in remote position with flow straightener and "hockey puck" 
in evaporator 
3) Testing of a TXV-Plate evaporator assembly 
4) Testing of a TXV-Plate evaporator assembly with flow straightener and 
'hockey puck" in place. ' 
" 
Tests performed on the '98 LH Evaporator 
1) Testing of TXV-Plate evaporator assembly 
2) Testing of TXV-Plate evaporator assembly with flow straightener and 'hockey 
puck" in place. 
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3) Testing of TXV-Plate evaporator assembly with sintered metal plug instead of 
flow straightener in place 
Tests performed on the NS production 
1) Testing of a TXV-Plate evaporator assembly 
2) Testing with the TXV in a remote position to eliminate its effect on noise 
generation 
Tests performed on the RS evaporator 
1) Testing of a TXV-Plate evaporator assembly 
2) Testing with the TXV in a remote position to eliminate its effect on noise 
generation 
The testing consisted of measuring sound intensity at different positions in the 
face of the cavity were the TXV-Plate evaporator assembly was placed. It was 
discovered that measurements at all positions are essentially the same. 
Discussion of Results (high back pressure) 
The tests results presented in this section show results obtained with the original 
transient testing apparatus (as described in Section III and depicted in Figure 4 in 
Section III). These tests represent conditions of low mass flow and refrigerant 
flow velocities. Appendix 8 also includes plots of the relevant variables measured 
to estimate flow rate as a function of time measured at the same time that the 
sound intensity was being recorded. Due to the transient nature of the testing 
described in this section the averaging of the sound intensity plots was adequate. 
Only five averages were taken in the approximately 15-20 seconds that a tests 
lasts. This is why the sound intensity plots are not completely smooth. 
LH plate evaporators 
Figure 8.1 in Appendix 8 shows the results of making a series of sound intensity 
measurements at the open end of a drum which contains a '97 LH Evaporator 
equipped with an expansion valve in its standard position and with both a flow 
straightener and "hockey puck" (termed inserts). Since sound intensity is a point 
measurement, measurem~nts at six positions were carried out in order to permit 
computation of total sound power. As can be seen, the measured sound intensity 
is in general well above the background noise. In addition, there is little difference 
between intensity measurements made at the various positions. It would appear 
that the evaporator within the drum emits fairly uniform sound from the mouth of 
the drum. As a result, fewer measurement positions will be shown in the following 
figures. 
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Figure 8.2 in Appendix 8 shows the results of testing the same '97 LH 
Evaporator with neither the flow straightener nor the "hockey puck" ("inserts") and 
both with the expansion valve mounted in its standard position and with the valve 
remotely mounted. As can be seen, once again, intensity measurement position 
is not very important. On the other hand, the measurements made with the 
expansion valve remotely mounted resulted in about a 30 d8 sound intensity 
reduction over much of the audio spectrum between 1000 and 10,000 Hz. The 
remote expansion valve is clearly much quieter. This was subjectively confirmed 
during the tests. 
Figure 8.3 in Appendix 8 shows the result of testing the same '97 LH Evaporator 
with its expansion valve mounted in the standard position and both with and 
without the flow straightener and "hockey puck" ("inserts"). As can be seen, the 
flow straightener and "hockey puck" do not seem to cause any significant change 
in measured sound intensity. 
Figure 8.4 in Appendix 8 shows a repetition of a sound pressure measurement 
at position 1 at the drum mouth. Sound pressure is the fundamental 
measurement upon which sound intensity is based. The '97 LH Evaporator with 
remote valve and no flow straightener nor "hockey puck" were tested. Excellent 
repeatability was achieved. 
Figure 8.5 in Appendix 8 shows the results of testing a '98 LH evaporator with 
and without a flow straightener and "hockey puck". As can be seen, there is little 
effect of adding the two inserts. 
Figure 8.6 in Appendix 8 shows a comparison of results under similar conditions 
for tests made on a '97 and a '98 LH evaporator. The data shows that the old and 
new units behave in a very similar manner. 
Figure 8.7 in Appendix 8 shows results of tests done on the 98 LH evaporator 
with a TXV in place and with and without a sintered metal (Allied Witan Co. part 
number 0700016) plug placed in the inlet tube right after the TXV in the 
aluminum block where the valve is installed. The results indicate that there is 
some noise reduction at certain frequencies by the introduction of the sintered 
metal plug. Particularly the reduction of approx. 15 d8 in sound intensity level at 
approx. 2500 Hz. Is significant. Further testing of this type of device could lead 
to a suitable TXV noise reduction insert. 
NS production plate evaporator 
Figures 8.8, 8.9 and 8.10 in Appendix 8 show the results obtained for the NS 
production plate evaporator when the TXV is remotely operated, when it is 
installed in its normal position and a comparison between the two, respectively. 
These tests follow the same trends as was shown for the LH evaporator tests. 
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RS plate evaporator 
Figures B. 11, B.12 and B. 13 in Appendix B show the results obtained for the RS 
plate evaporator when the TXV is remotely operated, when it is installed in its 
normal position and a comparison between the two, respectively. These tests 
also follow the same trends as was shown for the LH and NS evaporator tests. 
Figures B.14 and B.15, compare results for the NS production and RS 
evaporators. The results indicate that for these low flow rates the two 
evaporators produce similar noise signatures. 
Discussion of Results (low back pressure) 
Figures B.22 to B35 show results obtained for the NS production and LH '98 
plate evaporators when the tests setup was modified in order to attain greater 
flow velocities. 
Figures B.22 and B.23 show sound pressure and intensity levels for the NS 
production when the TXV is installed in place and in a remote location. These 
plots show that the emitted noise when the TXV is remotely installed is of the 
same order as that when the TXV is installed in place at frequencies below 6000 
Hz. This contrasts with the previous results in which the noise from the plate 
evaporators with a remote TXV is of the same order of magnitude as the 
instrumentation noise. These results indicate the very important effects of flow 
noise in the plate when gases at high speed pass through. However, the noise 
emitted by the plate evaporator when the TXV was in its normal position is louder 
specially at certain frequencies. 
Acceleration measurements were also taken. Acceleration measurements can be 
used to estimate sound emission as the next section will show in detail. Figures 
B.24, . B.25 and B.26 show noise spectra comparisons for the NS production 
evaporator with the TXV in place and remotely positioned estimated using 
acceleration. Acceleration measurements were taken at the inlet tube, outlet 
tube and in the plate evaporator itself. The graphs indicate that the spectra 
estimated with acceleration is similar to that measured with microphones. 
However, a unique noise source could not be directly determined from these 
measurements. It seems more likely that the differences between the 
measurements with TXV and remote TXV are due to several contributing factors. 
Figures B.27 and B.28 are similar to figures B.22 and B.23, except that they are 
for an LH '98 evaporator. For this evaporator there seems to be more differences 
when the TXV is in place and remotely positioned than for the NS production. For 
both the NS production and LH robust there are noticeable differences when the 
TXV is installed and remotely positioned especially at higher frequencies. This 
could be attributed to the coincidence frequencies of the inlet and outlet tubes 
being excited by the TXV noise. As can be seen in Figures 12 and 13 in section 
IX. Estimation made from tube acceleration also shows this effect. These 
differences could also be attributed to noise emitted by the TXV and propagated 
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by the evaporator itself. At lower frequencies the NS production with TXV and 
remote TXV seems to have less differences than the LH '98. 
It should be noted that acceleration taken at a given point is influenced by 
vibrations all over the structure. This makes more difficult the interpretation of 
acceleration measurements for noise source identification. 
Flow noise is strongly dependent in flow velocities. Strouhal type noise is linearly 
dependent on velocity (vortex shedding). During gas flow through a plate 
evaporator there is a very wide range of flow velocities throughout the 
evaporator. This range of velocities can cause different types of phenomena in 
different regions of the evaporator that, in the end, will add up to produce the 
noise that is heard. During special conditions acoustic resonance can be the 
dominant effect since, if this happens this effect will be much stronger 
acoustically than other phenomena present. If this is not the case, a Strouhal 
type noise can be generated at different positions in the plates and since there 
are different velocities in different plate channels there will be a range of 
frequencies in which this noise will be generated. Other possible noise sources 
could be related directly to the turbulence that high flows of gases have. That is, 
this noise source could be hydrodynamic in nature, and not have to propagate to 
generate noise since it excites the structure directly. There are also many 
cavities in plate evaporators like the headers. These cavities can also be excited 
and could generate noise at certain frequencies. 
Estimation of sound power from surface vibration measurements 
Sound power can be determined from the surface vibrations measured from a 
machine by using averaging techniques. In this section we will introduce the 
basic equations that relate vibration to sound. These equations were used with 
the acceleration measurements taken with and without the TXV directly installed 
in the NS production and LH '98 plate evaporators. The purpose of these 
estimations is to convert acceleration measurement to a more representative 
scale for comparison of sound intensity and pressure measurements. 
Sound power from vibrations can be determined using the following equation 
[11 ]: 
(1 ) 
In equation (1), W is the sound power, <u2> is the mean squared velocity, S is 
the surface area, p is the denSity, c is the speed of sound and (J is the radiation 
efficiency of the surface. In our case, we took acceleration measurements from 
the inlet and outlet tubes and from the plate evaporator. In order to convert 
acceleration to velocity the following relationship is used: 
(2) 
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Surface acceleration and velocity are related to frequency f as shown in equation 
(2). Equation (1) requires the area to which the surface velocity is related as well 
as the radiation efficiency of the surface. This information is difficult to obtain for 
our case since the shape of the plate evaporator is very complicated and since 
we would need to measure acceleration at many locations. The modification of 
the sound power equation (1) by dividing it by the area and radiation efficiency 
{see equation (3)} would give us sound intensity adjusted by radiation efficiency. 
(3) 
By using this analysis we can compare "shape of the spectra" of the measured 
sound intensities and pressures to that estimated from acceleration 
measurements. The shape of the spectra of the sound intensities estimated from 
vibration measurements looks different than the shape of the acceleration 
spectra. This is due to the change in scale from linear scale typically used to plot 
acceleration results to the logarithmic scale more representative of sound 
measurements but more importantly due to the influence of frequency in the 
estimation of surface velocities. The sound intensity and pressures measured 
with our sound intensity probe should be the result of the combined effect of the 
noise emitted by the tubes and plate evaporator. As a result of this, by looking at 
the shape of the spectra we can get an idea of what is causing and were is the 
noise coming from. 
The results of this analysis can be seen in Appendix B. The shape of the 
converted acceleration spectra looks similar to that measured by microphones. 
There are some differences between the spectra estimated with the TXV in place 
to that when the TXV is removed depending on where the acceleration is being 
measured. Overall the addition of noises emitted from different parts of the 
evaporator seem to contribute to the total measured noise in the air. 
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VIII) NOISE FROM RECORDINGS OF NS PRODUCTION AND NS ROBUST 
EVAPORATORS TAKEN AT AUBURN HILLS CHRYSLER TECH CENTER 
During in-vehicle testing performed at the University of Illinois noise generated by 
the TXV-plate evaporator assembly during the transient operation of the AlC 
system could not be reproduced. It was believed that the particular vehicles 
tested were not problem vehicles. According to the owner of the '94 Caravan he 
has not heard any noises during operation of the AlC system. The '97 Caravan 
was brought for testing because it was a noisy vehicle. After reproducing the 
internal and external conditions that were established to cause the noise 
problems and the vehicle was tested, it did not seem to emit clearly heard noises 
during AlC system start up. Sometimes one could hear a very faint hiss when the 
TXV started operation, but this did not happened for every test and was too faint 
to be catalogued as noisy operation. It is believed that this behavior is a function 
of the refrigerant distribution at the time of the test. 
In order to obtain data from a "problem" vehicle a session with the Noise, 
Vibrations and Harshness (NVH) engineers at Chrysler technical center was 
planned. Appendix F shows plots of the data obtained when octave band sound 
pressure level spectra were obtained from recordings. The spectra obtained were 
taken for vehicles in which a NS production and a NS robust plate evaporator 
were installed. The spectra were taken for a section of the recording which 
showed no noise present (no hiss) and then a similar procedure was followed for 
the section of the recording that showed the noise problems (hiss). 
After the data was taken, it was analyzed and changed from octave band to 
linear frequency resolution in order to see more clearly at what particular 
frequencies were the differences more noticeable. Figures F.S - F.B in Appendix 
F shows the differences in the spectra for the two evaporators when there is 
"hiss" and "no hiss" present. The data indicates that the differences in the 
spectra appear from around 1 to 10kHz. and at around 2, 4 and 6 kHz the 
differences tend to be more significant (see Figures F.S and F.7 in Appendix F). 
There are several possible noise generation and propagation mechanisms that 
could cause these differences, the main ones are: Flow induced noise, vortex 
shedding, acoustic resonance, valve generated noise transmitted from the inlet 
tube or plate evaporator, kazoo/exit fitting generated noise transmitted from the 
outlet tube and/or flow induced noise! resonance of internal plate evaporator 
cavities (like the inlet header). 
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IX) NOISE TRANSMISSION FROM PLATE EVAPORATOR TUBES 
In addition to noise produced by the plate evaporator and that generated by the 
TXV, a possible noise source could be the inlet and outlet tubes that connect the 
plate evaporator to TXV block. Work at the Air Conditioning and Refrigeration 
Center (ACRC), in project #72, titled: " modes of propagation of an acoustic 
signal from expansion devices and investigation of possible attenuation" has 
turned out relevant data about the noise generated by expansion valves in 
refrigerant and how this noise could propagate through the downstream tube 
walls. It has been observed that the near field of the TXV, that is, the tube section 
immediatly downstream of the expansion device is a region of strong noise 
emissions. 
Measurements of noise from expansion devices in project # 72 have shown that 
superheated refrigerant conditions at the exit of the expansion devices are 
significantly more critical and generate sound pressure levels (SPL) in refrigerant 
above 100 dB SPL (see [7]). These acoustic pressure fluctuations can excite the 
structures downstream from where they are generated (TXV). Basically these 
structures for our case are the inlet tube to the evaporator and the plate 
evaporator itself. Modeling of noise transmission from the refrigerant to the air is 
complicated. It involves first the coupling of acoustic modes and structural modes 
of the cavities and structure surrounding the cavities that transport the fluid in 
which the sound propagates and second the understanding of how the structure 
vibration translates to acoustic vibrations in air. 
Work done at the ACRC related to how the noise emitted by expansion devices 
propagates in refrigerant in downstream tubes has been successful. Predicting 
how downstream tubing can be excited into vibration at particular frequencies by 
the internal acoustic pressure oscillations has been performed. The results 
indicate that tube wall vibration can be predicted by theory. The theory can 
predict the frequencies which will propagate through the tube walls 
predominantly and the magnitude of the tube wall vibration. To determine the 
magnitude of tube wall vibration, the structural damping is needed. This can be 
obtained from experiments. The understanding of the coupling mechanisms 
which lead to the prediction of the frequencies that will be transmitted is in many 
cases the most important result since one can design around this problem (see 
[6]). The frequencies at which the acoustic pressure fluctuations can excite the 
tube walls are called coincidence frequencies since is at these frequencies that 
the internal acoustic modes couple with the structural modes of the tube. 
Reference [6] explains in detail the theory and shows results of tests for an orifice 
tube upstream from a copper tube. This theory has been used to make 
coincidence maps for the inlet and outlet tubes of the plate evaporators (shown in 
Figures 12 and 13). The frequencies at which internal noise from the tube can 
propagate out can be determined from these diagrams. 
44 
...... 
... 
GI 
.a 
E 
2.00,------,------~----_.------~------r_----_,------~----~ 
~ 1.50~----_+------+_----~~~~~~----r_----_+------+_----~ 
GI 
> ~ 
iii 
t: 
o 
.~ 1.00 ~----_+711...._--+_----~+_----_t> 
GI 
E 
C 
t: 
o ~ I ------t-----!J------4------~--~--~OL~_t~~~~~::~ E 0.50 f-
l:iI: 
>C 
l:iI: 
O.OO~~~-L~ __ U-~~~~~~~-L~~~L-~~~~~~~~~~ 
o 5000 10000 15000 20000 25000 30000 35000 40000 
Frequency (Hz) 
Figure 12. Coincidence diagram for plate evaporator inlet line 
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Figure 13. Coincidence diagram for plate evaporator outlet line 
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Figures 12 and 13 show that there are coincidence regions around 9 kHz. for the 
inlet tube and 6 kHz for the outlet tube. This means that we should expect peaks 
in the tube wall acceleration spectra at these frequencies. Acceleration plots of 
data taken for the TXV-LH production assembly in the transient testing 
experimental apparatus are presented· in Figure 14. These plots show that 
acceleration can be detected from the inlet tube and are significant. The 
acceleration power spectrum shows that there are peak at around 9 kHz. right 
where they were expected for this tube, plus some other peaks between 1 and 4 
kHz. These peaks are believed to be caused by the plate evaporator itself. Plots 
for the outlet tube are not included since they did· not show significant 
acceleration at this set of flow conditions. 
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Figure 14. Time and frequency domain acceleration spectra plots for at the inlet 
line of the TXV-plate evaporator assembly (LH robust). Delta frequency = 
48.8281 Hanning window used. 
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X CONCLUSIONS 
Test of 94 Caravan vehicle (Section IV) 
This set of tests represent the first attempt at performing high speed data 
acquisition to detect transient behavior in the field. We believe that the new 
testing methods produce valid results. While no whistling was observed in these 
tests (this vehicle never whistles), it appears that observed refrigerant velocities 
are in the range of velocities which produce whistling in the laboratory (> than 
approx. 20 m/s). Apparently this vehicle does not produce broadband "hissing" 
noises either. 
Test of 97 Caravan vehicle (Section IV) 
The tests performed on the 1997 Caravan followed the procedures developed 
during testing of the 1994 Caravan for measuring the high speed transient 
behavior occurring during AlC system start up. This vehicle has been reported to 
produce some hissing sounds right after AlC system startup. During testing a 
very faint hissing sound could be heard during some tests but this could not be 
considered problematic. While no whistling was observed in these tests, 
observed refrigerant velocities are in the range of velocities that produce 
whistling in the laboratory. 
Tests of plate evaporator samples (Section V) 
Testing of single channels plate evaporator samples (see Figures E.22 and E.23 
in Appendix E), indicate that all "dimpled" plates can be made to resonate if a 
high enough flow rate is used as results shown in Section V and Appendix C 
show. Increases in dimple diameter result in much larger velocities being 
necessary for resonance initiation. However, the vortex shedding by these 
structures itself is a noise source. We have shown that a plate design with airfoil 
shaped "dimples" (see paper G.2 in Appendix G), shows far lower broadband 
acoustic noise generation. Thus it should be possible to design low noise plates. 
Tests of stereolithography models (Section VI) 
Stereolithography is a useful tool in the design stage of plate evaporators. 
Models made using stereolithography behave in a similar way as real plates. 
However, pressure drop and therefore velocity distribution of the flow along the 
plates are very difficult to replicate with this technique and these differences are 
believed to play an important role in the noise generation characteristics of plate 
evaporators. Further work is needed in this area if stereolithographic models are 
to replicate all the relevant characteristics of real plate evaporators. 
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Transient testing of plate evaporators (Section VII) 
Results of sound intensity tests in an anechoic chamber using the transient 
testing apparatus indicate that the proximity of the expansion valve to the 
evaporator is the primary factor in acoustic emissions for superheated gas at 
relatively low refrigerant flow velocities. Tests with the LH evaporators show that 
the flow straightener and "hockey puck" do not seem to change the acoustic 
emissions in any significant way. Both '97 and '98 LH evaporators seem to 
produce similar acoustic emissions. Results obtained for the NS production and 
RS evaporators show that for this range of conditions (superheated gas and 
relatively low refrigerant flow velocities), the two evaporators behave in a similar 
manner. Both emit significantly more acoustic energy when the valve is mounted 
in its normal position and are much quieter when the expansion valve is mounted 
remotely. These tests show that for small flows of superheated refrigerant the 
valve noise is the dominant factor in noise emissions from the TXV-plate 
evaporator assembly. 
Tests were later performed with a modified transient experimental apparatus in 
which flow velocities (but not vapor densities) of the order of those obtained 
during the in-vehicle testing could be achieved. These tests show a more 
significant contribution of the plate evaporators when there is a remote TXV than 
for the lower flow velocities tests. The flow velocities for these tests were 
considerably increased (about 4-5 times) over those achieved in the high back 
pressures tests. However, the plate evaporator tested at these higher flow 
velocities (NS production and LH '98) did not seem to have a dominant acoustic 
resonance present. There were some peaks in the spectra that could be 
attributed to a Strouhal effect/acoustic resonance type phenomena. In this region 
(between 1-5 kHz.), there are less differences between the tests with TXV and 
remote TXV. (see Figure B.22-B.23 and B.27-B.28). Figure B.27 and B.28 show 
a peak at around 2500 Hz in the sound intensity and sound pressure level 
graphs. This peak compares favorably to the peaks in the acoustic pressure 
measured for a single sample of the same plate evaporator as shown in Figures 
C.35 and C.36. It appears from the sound intensity data that the peaks in the 
acoustic pressure measured in the plates produces a clear harmonic component 
in the overall sound intensity measurement. Note also, that since the flow velocity 
of the refrigerant is different for every plate in the evaporator, many of the flow 
conditions existing for the data shown in Figures such as B.23 and B.24 for a 
single plate may exist simultaneously in a full plate evaporator. 
Tests at Chrysler Technical Center (Section VIII) 
Noise spectra from Chrysler Technical Center recordings for the NS production 
and NS robust (shown in appendix F) show that the differences between the 
spectrum considered noisy ("hiss") and the spectra considered normal lie in the 
frequency range between 1-10 kHz. It is believed that these differences are 
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caused by a combination of noise producing phenomena related to the flow of 
gaseous refrigerant through the TXV-plate evaporator assembly. That is both the 
flow noise generated by the expansion valve and noise generated within the 
evaporator are important. 
LESSONS LEARNED: 
1) The strongest acoustic emissions occur only when single phase vapor flows 
through the evaporator. 
2) It appears that evaporator hissing is heard at lower vapor flow rates and 
whistling occurs at higher flow rates masking the hiss. 
3) The refrigerant sound pressure level generated by an expansion valve is 
white noise (broadband) 
4) The expansion valve generated noise seems to excite structural resonances 
in the evaporator inlet line 
5) Acoustic emissions from the evaporator between 1-5 kHz. include the effects 
of the flow noise through the evaporator plates. Above this frequency range, 
sound radiated by the inlet tube is present. It appears that sound generated 
by the valve is radiated at all frequencies from the evaporator surfaces. 
6) It appears that all evaporator surfaces radiate sound from all sources within 
the evaporator and from fluid entering the evaporator. This is probably due to 
transmission of vibrations through the evaporator structure. 
7) At low vapor flow rates, most noise appears to be generated by the expansion 
valve. At higher vapor flow rates, increasing noise in the 1-5 kHz. frequency 
band can be attributed to flow noise in the evaporator plates themselves. 
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RECOMMENDATIONS: 
1) Screens, porous plugs, and some expansion valve designs can reduce noise 
generated by the expansion valve. 
_ .. 
2) Even with reduced expansion noise, problems due to flow induced noise 
within the evaporator may exist. Some evaporator plates designs produce 
more acoustic emissions than others. (See, for example, results of tests with 
the stereolithography model with airfoil supporting structure presented in 
paper G.2 in Appendix G). Recommendations in this direction include: 
a) Increase in cross sectional areas of plate evaporator channels where 
refrigerant flows. Flow noise is strongly dependent on flow velocity. 
Increasing cross sectional area can reduce significantly the susceptibility 
of a plate to Strouhal type noise generation, acoustic resonance excitation 
and turbulence generated noise in the fluid. 
b) Design plate evaporators with more uniform cross sectional area across 
the length of the plates. Differences in cross sectional areas will create 
regions within the plate evaporator channels with big velocity gradients, 
this condition its -believed to influence negatively the noise generation 
characteristics of plate evaporators. 
c) Redesign of plate evaporator supporting structure and internal flow paths. 
Aerodynamically smooth surfaces and channels in the refrigerant path can 
reduce the flow induced noise generation by the plates. This not only 
includes the redesign of the supporting structure but also of the headers, 
"Kazoo", etc. 
d) Consider the use of microchannel type evaporators. The small passage 
diameters of such heat exchangers make them very resistant to sound 
transmission from the refrigerant to the passage walls. 
3) It may be possible to . use active control of a system equipped with an 
electronic expansion valve (EEV) or an electronically controllable compressor 
to avoid conditions which will produce troublesome acoustic emissions. 
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APPENDIX A - TRANSIENT TESTS OF AlC SYSTEM 
PERFORMED ON 1994 AND 1997 CARAVANS 
LIST OF FIGURES 
APPENDIX A 
Graphs of transient tests performed on 1994 and 199? Caravans 
(A description of each test is reported in chapter IV) 
Figure No. Description/Comments P~e No. 
1994 Caravan 
A1 Baseline 3 AJ2Rendix A - 2 
A2 Test 3 Appendix A - 5 
A3 Test 4 A~endixA-8 
A4 Test 5 AJ2Rendix A - 11 
A5 Test 6 Appendix A - 14 
1997 Caravan 
A6 Test9? 1 AQpendix A - 1? 
A? Test9? 2 AQpendix A - 21 
A8 Test9? 3 AJ2Rendix A - 25 
A9 Test9? 4 AQpendix A - 29 
A10 Test9? 5 A~endix A - 33 
A11 Test9? 6 Appendix A - 3? 
A12 Test9? ? Appendix A - 41 
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Clutch Test97 _4 
10 
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-10L-____________________________ ~ __________ ~ 
o lime (secs) 40.96 
Suction Tube Acceleration Test97 _4 
5 
-5~ __________________________________________ ~ 
o lime (secs) 40.4 
Evaporator Acceleration Test97 _4 
-5L-________________________ ~ ______________ ~ 
o lime (secs) 40.32 
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Suction Temperature Test97 _4 
80 
O~ __ ~~ __ ~ ____ -L ____ ~ ____ ~ ____ ~ ____ ~ ____ ~ 
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Suction Pressure Test97 _ 4 
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... _ .. ___ ._ ..... __ ................ ~_ ....... _ ... _ ..__ .... _ .. _ ..L ....... ___ .. . 
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-15L-________ ~ __________________________ ----~ 
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Venturi Differential Pressure Test97 _4 
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o lime (secs) 40.96 
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Reference Temperature Test97 _4 
c 
O~ __ ~ __ -L __ _L __ -J ____ L-__ ~ __ -L __ _L __ -J ____ ~ 
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Mass Flow Test97_4 
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Suction Line DensityTest97 _ 4 
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15L-__ -L ____ ~ __ ~L-__ _L ____ ~ __ ~ ____ ~ ____ ~ 
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Plate Evaporator Velocity (6 112 Plates) Test997 _ 4 
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Clutch Test97_5 
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o Time (secs) 40.96 
Suction Tube Acceleration Test97_5 
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o Time (secs) 40.4 
Evaporator Acceleration Test97_5 
5 
... ": 
-5L-________ ~ __________________________ ~ ____ ~ 
o Time (secs) 40.32 
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Suction Temperature Test97_5 
80 
f 
oLi __ ~ ____ ~ __ ~ __ ~ ____ ~ __ ~ ____ ~~~ 
o Time (secs) 40.96 
Suction Pressure Test97_5 
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-15L-______________ ~ __________________________ ~ 
o Time (secs) 40.96 
Venturi Differential Pressure Test97_5 
20 
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-5~ ________________________________________ ~1 
o Time (secs) 40.96 
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Reference Temperature Test97_5 
50 
c 
o Time (secs) 51.19 
Mass Flow Test97_5 
0.2 
kg/s 
o Time (secs) 41 
Suction Line DensityTest97_5 
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15L-__ ~ ____ -L ____ ~ ____ L-__ ~ ____ ~ ____ ~ ____ ~ 
o Time (secs) 41 
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Plate Evaporator Velocity (6 112 Plates) Tes 197_5 
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10 
Volts 
-10L-__________________________________________ ~ 
o Time (secs) 40.96 
Suction Tube A::celeration Test97_6 
5 
o Time (secs) 40.4 
Evaporator A::celeration Te~t97_6 
5 
-5L-____________________ ~ ____________________ ~ 
o Time (secs) 40.32 
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Suction Temperature Test97_6 
801 
°L-__ ~ ____ ~ ____ ~ ____ L-__ ~ ____ ~ ____ ~ ____ W 
o lime (secs) 40.96 
Suction Pressure Test97_6 
200 
psig 
-15L-____________________________ ~ __________ ~ 
o lime (secs) 40.96 
Venturi Differential Pressure Test97_6 
10 
-5L-__________________________________________ ~ 
o lime (secs) 40.96 
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Reference Temperature Test97_6 
50 
c 
0L-__ ~ __ ~ __ ~ __ ~ __ -L __ ~ __ ~ __ ~ ____ ~ __ ~ 
o Time (secs) 51.19 
Mass Flow Test97_6 
o Time (secs) 41 
Suction Line DensityTest97_6 
29 
kglm"3 
18~ __ ~ ____ ~ ____ ~ ____ ~ ____ ~ ____ ~ ____ ~ __ ~u 
o Time (secs) 41 
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Plate Evaporator Velocity (6 112 Plates) Test97_6 
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Clutch Test97_7 
10 
Volts 
-10 LI ___________________ --.1 i 
o Time (secs) 40.96 
Suction Line Tube Acceleration Test97 _7 i 
,-----------' 
-5L-__________________________ ~ ______________ ~ 
o Time (secs) 40.4 
Evaporator Acceleration Test97_7 
o Time (secs) 40.32 
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Suction Temperature Test97_7 
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Reference Temperature Test97_7 
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Plate Evaporator Velocity (6112 Plates) Tes197_7 
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APPENDIX B - SOUND INTENSITY LEVEL GRAPHS OF 
TRANSIENT TESTS PERFORMED IN ANECHOIC CHAMBER 
LIST OF FIGURES 
APPENDIX B 
This appendix shows graphs of sound intensity measurements taken using the 
transient testing apparatus and an anechoic chamber. The tests show the effect 
of the TXV when is installed in place and remotely for three different evaporators. 
These tests also show the effect of the "hockey puck" (plastic support for the 
tubes) and the flow straightener (short plastic inserts in the inlet tube after the 
TXV) that were designed for use with the LH plate evaporator. 
Figure Description/Comments Page No. 
No. 
HIGH BACK PRESSURE TESTS (SEE SECTION VII) 
LH Evaporators 
B.1 97 LH evaporator with TXV and inserts in place Appendix B-3 
B.2 97 LH evaporator with no inserts Appendix B - 4 
B.3 97 LH evaporator with TXV Appendix B - 5 
B.4 97 LH evaporator repeatability test Appendix B - 6 
8.5 98 LH evaporator with TXV Appendix 8 - 7 
8.6 97 and 98 LH evaporators with TXV and no inserts in Appendix 8 - 8 
place 
B.7 98 LH evaporator with TXV, and with and without sintered Appendix 8 - 9 
metal insert 
NS Production evaporator 
B.8 NS production with remote TXV Appendix 8 - 10 
B.9 NS production with TXV installed Appendix-8 - 11 
B.10 Comparison of Figure B.8 and 8.9 Appendix 8 - 12 
RS evaporator 
8.11 RS evaporator with remote TXV Appendix B - 13 
8.12 RS evaporator with TXV installed Appendix 8 - 14 
8.13 Comparison of Figure 8.11 and 8.12 Appendix 8 - 15 
NS production and RS evaporators com~arisons 
8.14 RS and NS production with remote TXV Appendix 8 - 16 
8.15 RS and NS production with TXV installed Appendix 8 - 17 
Appendix 8 - 1 
Figure Description/Comments Page No. 
No. 
Graphs of typical values of measured relevant 
parameters for each test: 
Suction temperature, venturi differential pressure, suction 
pressure, mass flow, plate evap. Velocity, and density 
B.16 LH 98 with TXV Appendix B - 18 
B.17 LH 98 with remote TXV Appendix B - 20 
B.18 RS with TXV Appendix B - 22 
B.19 RS with remote TXV Appendix B - 24 
B.20 NS with TXV Appendix B - 26 
B.21 NS with remote TXV Appendix B - 28 
LOW BACK PRESSURE TESTS (SEE SECTION VII) 
(Lower back pressures permitted testing at greater flow 
velocities) 
B.22 NS production with TXV and remote TXV (sound pressure Appendix B - 30 
level) 
B.23 NS production with TXV and remote TXV (sound intensity Appendix B - 31 
level) 
B.24 NS production with TXV and remote TXV (sound from Appendix B - 32 
plate evap. Vibration) 
B.25 NS production with TXV and remote TXV (sound from Appendix B - 33 
outlet tube Vibration) 
B.26 NS production with TXV and remote TXV (sound from inlet Appendix B - 34 
tube Vibration) 
B.27 LH '98 with TXV and remote TXV (sound pressure level) Appendix B - 35 
B.28 LH '98 with TXVand remote TXV (sound intensity level) Appendix B - 36 
B.29 LH '98 with TXV and remote TXV (sound from plate evap. Appendix B - 37 
Vibration) 
B.30 LH '98 with TXV and remote TXV (sound from outlet tube Appendix B - 38 
Vibration) 
B.31 LH '98 with TXV and remote TXV (sound from inlet tube Appendix· B - 39 
Vibration) 
Graphs of typical values of measured relevant 
parameters for each test: 
Acceleration; sound from acceleration, suction 
temperature, venturi differential pressure, suction 
pressure, mass flow, plate evap. Velocity, and density 
B.32 LH 98 with TXV Appendix B - 40 
B.33 LH 98 with remote TXV Appendix B - 45 
B.34 NS production with TXV Appendix B - 50 
B.35 NS production with remote TXV Appendix B - 55 
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Figure B. 1. This graph shows the results of the sound intensity measurements performed for a '97 LH plate evaporator 
that with TXV installed in its normal position and with inserts ("hockey puck" and "flow straightener"). The position 
numbers refer to probe placement around the drum (see Figure 4 in the report). As can be seen, there is practically no 
difference in the measurements as a function of position. 
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Figure 8.2. This graph shows the results of the sound intensity measurements performed for a '97 LH plate evaporator 
with the TXV in place and remotely located. The position numbers refer to probe placement around the drum (see Figure 
4 in the report). In this case of relatively low flow velocities (see later in the appendix graphs of relevant parameters 
measured during testing), it seems that the TXV generates most of the noise. 
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Figure B.3. This graph compares sound intensity measurements performed for a '97 LH plate evaporator with TXV in 
place when the inserts ("hockey puck" and "flow straightener") where installed and without them. The position numbers 
refer to probe placement around the drum (see Figure 4 in the report). As can be seen, noise emitted when there are 
inserts installed is basically indistinguishable from noise emitted from evaporators without them. 
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Figure 8.4, This Figure shows that sound intensity measurements are very repeatable from test to test. This also can be 
confirmed in Figure 8.1 for example, where it is shown that there is no significant variability in the measurements from 
position to position. 
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Figure B.5. This graph compares sound intensity measurements performed for a '98 LH plate evaporator with TXV in 
place when the inserts ("hockey puck" and "flow straightener") where installed and without them. As can be seen there is 
practically no difference in the measurements due to the inserts for this testing conditions. 
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Figure B.6. Comparison between '97 and '98 lH evaporator designs (with "kazoo" and without "kazoo") both tested with 
TXV installed and for low flow rates. Both evaporators behave in a similar way (they emit noise with approx. the same 
frequency content) and the noise level is also almost identical. 
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Figure B.7 This Figure shows the effect of inserting a sintered metal plug with the idea that it would muffle some of the 
noise coming from the TXV. Even when at first sight it seems that there are no main differences, overall,: there is some 
noise reduction. It is especially important to note the reduction in the peak around 2500 Hz. of approx. 20 dB. Further 
testing of this type of inserts is necessary to asses is noise reduction potential for this type of application. 
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Figure B.B. Plot of sound intensity spectra taken for NS production plate evaporator with remote TXV. Low flow velocities 
(see later in the appendix graphs of relevant parameters measured during testing). The position numbers refer to probe 
placement around the drum (see Figure 4 in the report). 
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Figure B.9. This graph shows the results of the sound intensity measurements performed for a NS production plate 
evaporator with TXV installed in its normal position. The position numbers refer to probe placement around the drum (see 
Figure 4 in the report). As can be seen, there is practically no difference in the measurements as a function of position. 
Low flow rates (see later in the appendix graphs of relevant parameters measured during testing). 
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Figure 8.10. Differences between the sound intensity measurements taken with TXV in place and remotely positioned for 
NS production plate evaporator. Same probe position. Low flow rates (see later in the appendix graphs of relevant 
parameters measured during testing). 
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Figure 8.11. Plot of sound intensity spectra taken for RS plate evaporator with remote TXV. Low flow velocities (see later 
in the appendix graphs of relevant parameters measured during testing). The position numbers refer to probe placement 
around the drum (see Figure 4 in the report). 
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Figure 8.12. This graph shows the results of the sound intensity measurements performed for a RS plate evaporator with 
TXV installed in its normal position. The position numbers refer to probe placement around the drum (see Figure 4 in the 
report). As can be seen, there is practically no difference in the measurements as a function of position. Low flow rates 
(see later in the appendix graphs of relevant parameters measured during testing). 
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Figure B.13. Differences between the sound intensity measurements taken with TXV in place and remotely positioned for 
RS plate evaporator. Same probe position. Low flow rates (see later in the appendix graphs of relevant parameters 
measured during testing). 
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Figure B.14. Comparison between NS production and RS plate evaporators with remote TXV and low flow rate (see later 
in the appendix graphs of relevant parameters measured during testing). 
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Figure 8.15. Comparison between NS production and RS plate evaporators with TXV and low flow rate (see later in the 
appendix graphs of relevant parameters measured during testing). 
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Figure 8.22. Sound pressure level graph of tests performed with NS production plate evaporator with TXV in place and 
remotely located at higher flow rates (see later in the appendix graphs of relevant parameters measured during testing). 
In this case flow noise generated in the plate evaporator is now comparable to that generated when the TXV is next to the 
. evaporator. 
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Figure 8.23. Sound intensity level graph of tests performed with NS production plate evaporator with TXV in place and 
remotely located at higher flow rates (see later in the appendix graphs of relevant parameters measured during testing). 
The irregularities in the graphs are due to the reduced number of averages that our experimental setup permitted us to 
take. 
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Figure B.24. Plot of sound estimated with acceleration measurements taken for the NS production plate evaporator with 
TXV and remote TXV. Acceleration taken at plate evaporator. 
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Figure 8.25. Plot of sound estimated with acceleration measurements taken for the NS production plate evaporator with 
TXV and remote TXV. Acceleration taken at outlet tube wall. 
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Figure B.26. Plot of sound estimated with acceleration measurements taken for the NS production plate evaporator with 
TXVand remote TXV. Acceleration taken at inlet tube wall. 
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Figure B.27. Sound pressure level graph of tests performed with '98 LH plate evaporator with TXV in place and remotely 
located at higher flow rates (see later in the appendix graphs of relevant parameters measured during testing). In this 
case flow noise generated in the plate evaporator is now comparable to that generated when the TXV is next to the 
evaporator. 
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Figure B.28. Sound intensity level graph of tests performed with '98 LH plate evaporator with TXV in place and remotely 
located at higher flow rates (see later in the appendix graphs of relevant parameters measured during testing). The 
irregularities in the graphs are due to the reduced number of averages that our experimental setup permitted us to take. 
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Figure B.29. Plot of sound estimated with acceleration measurements taken for the '98 LH plate evaporator with TXVand 
remote TXV. Acceleration taken at plate evaporator. 
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Figure 8.30. Plot of sound estimated with acceleration measurements taken for the '98 LH plate evaporator with TXV and 
remote TXV. Acceleration taken at outlet tube wall. 
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Figure B.31. Plot of sound estimated with acceleration measurements taken for the '98 LH plate evaporator with TXVand 
remote TXV. Acceleration taken at inlet tube wall. 
Appendix B - 39 
LH '98 Tests (Acceleration at evap. side) 
60 
1104 
~OL-____________________ ~ ______________ ~~ 
o Time (secs) 25.52 
LH '98 Tests (Acceleration at inlettube) 
o Time (s) 25.52 
LH '98 Tests (Acceleration at outlet tube) 
~OL-__________ ~ ________ ~ __________ ~~ __ ~~ 
o Time (s) 25.52 
Appendix B - 40 
LH '98 Tests (ltcceleration spectra ofevap. side) 
2.7 
(g) ----
.• ~ 
O~~~~ __ ~ __ ~~ __ ~ __ ~~~~ __ ~ __ ~~~ 
o Frequency (Hz) 25000 
LH '98 Tests (ltcceleration spectra at inlet tube) 
6 
o Frequency (Hz) 25000 
LH '98 Tests (ltcceleration spectra at ouUet tube) 
o Frequency (Hz) 25000 
Appendix B - 41 
LH '98 Tests (From evap. side acceleration) 
E 
to 
~ ~N If( f 
~ j\ ~ AI I\/~ IA A r '\ ( ~A VIf ~N V ~ W IV !V IrJ ~V I 
I'll 
If 
~ 
o 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 
Frequency (Hz.) 
LH '98 Tests (From Inlet tube acceleration) 
~ 
~!J\ ! r 
~r W WI I ~ 
~ \fINIA A f\ ~(l J' ! 
~ Vv ~ V \jJ \) '0 V 
IV 
E 
o 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 
Frequency (Hz.) 
LH '98 Tests (From outlet tube acceleration) 
~ 
tv. ~ 
t ~ / \ 
~ ! ~ A ~ r/ ~A J \rv 
~ \I IV IV~ ~ V VJ I V \~ t\ 
If I lI V V 
1 V 
o 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 
Frequency (Hz.) 
Appendix B - 42 
LH '98 Tests (Suction temperature) 
30 
(C) 
Time (s) 25.6 
LH '98 Tests (Venturi differential pressure) 
~.1~~---L--~--L-~ __ -L __ ~ __ L-~ __ -L __ ~~ __ ~ 
o Time (s) 26 
LH '98 Tests (Suction Pressure) 
10 
(psig) 
-1L-__________________ ~ ____________ ~ ______ ~~ 
o Time (s) 25.48 
Appendix B - 43 
LH '98 Tests (Mass flow) 
0.03 
Time (s) 26 
LH '98 Tests (Plate evap. velocity 6.5 plates) 
20 
m/s 
Time (s) 26 
LH '98 Tests (Density) 
5.3 
4.1 '------1._--'-_-'--_'------1._--'-_-'--_'----'-_--'-_-'------"'-----' 
o Time (s) 26 
Appendix B - 44 
LH '98 with Remote TXV (Acceleration at evap center) 
-0.71 '----'-_--'-_'-----'-_-'-_-'------'_-'-_-'-_'----'-_--'---1 
0.05 Time (s) 25.52 
LH '98 with Remote TXV (Jlcceleration at inlet tube) 
2.97 
-3.01 '----'-_--'-_'-----'-_-:..._-'-----'_-'-_-'-_'----'-_--'---1 
o Time (s) 25.52 
LH '98 with Remote TXV (Jlcceleration at outlet tube) 
-3.13L.:.:::..::.:.t:.=::.t:.:.:.:.:.:.:.:.:1=:'::'::':::.:.::.:::::i::.::.:.:.:.:.:.i:.:.::.:::.:.:.:t.::=:t.:.::.::.:.::.:.t:.:.::.:::::::'::'::.:.::.:::.t:.::.:.:J 
o 'Time (sees) 23.52 
Appendix 8 - 45 
LH '98 with Remote 1XV (Acceleration at evap center) 
o Frequency (Hz) 25000 
LH '98 with Remote 1XV(Acceleration at inlettube) 
o Freq uency (Hz) 25000 
LH '98 with remote 1XV (Acceleration at outlet tube) 
0.4 
m)~;:]IIT-i;lr-I-1 
······r····· . ········-r········i·········t········j········+········1··········,·········1········+·· 
o~vi~;~~; : i ; 
o Frequency (Hz) 25000 
Appendix B - 46 
LH '98 with remote TXV (From evap. center acceleration) 
~ 
~ 
E ' jI 
i! 
~h ~ A A {\ VV W Vv.\ 1/\ 1\/ ~ ~ \~ \ 
E l.v ,~ V V \I,~ 1 ~ JV,,\ 
o 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 
Frequency (Hz.) 
LH '98 with remote TXV (From inlet tube acceleration) 
~ 
E 
~ ~ /V\ 
~W \ 
~ IN IV~ I~ j v \ 
'"' ~ \ \ fV\ IJV v A ~VJ~ i\ 
~ ~ 'lAjV 
o 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 
Frequency (Hz.) 
LH '98 with remote TXV (From outlet tube acceleration) 
n f 
~I fII ~. I fv\ 
~ V v"'J" IV \ r 
~ VMr\ I ~ ~. I\, 
E y \ !J~ VV v~ A I I~ f \J\ 
~ , 'rVv IN 
o 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 
Frequency (Hz.) 
Appendix B - 47 
LH '98 with Remote TXV(Suction temperature) 
30 : : : 
I 
: 
I 
(C) 
o Time (s) 23.52 
LH '98 with Remote TXV(Venturi differential pressure) 
5 
:: .. I,.[IJ:[I::; 
. ; !. ~ 
~';d)Lf!··Tiii!~·· 
-2 .......... ~ ........... : ........... f •••••••• + ......... [.·········[··········f··········[········T·········:··· ....... : ...... . 
0.04 Time (s) 23.52 
LH '98 with Remote TXV (Suction pressure) 
10 
i ; 1 
·········r········j········T········r········!··········;·········"1""·······r·······f········j·········-:--····· 
~·,')r~Fiii:i:I=L~:,: 
. . 
-4 .......... , .......... , .......... ! .......... ; .......... , .......... [ .......... [ .......... ; .......... 1" ......... [ ......... "1"" .... . 
-0.04 Time (s) 23.52 
Appendix B - 48 
LH '98 with Remote 1XV (Mass flow) 
0.03 :::::::::~:::::::::F::::::l::::::::::i:::::::::r:::::::t::::::::J::::::::::::::::::::r:::::::r:::::::r::::::::: 
~m;:.I;rjIt!-f! 
;[!ifFFI:TE 
:::::::::F:: ·::r:::::::;::::::::::;:::::::::r::::::::r:::::::::;:::::::::r:::::::j:::::::·::C::::::r::::::: 
o .......... , ... ·::::;:::::::::T::::::::(::::::::1::::::::::1:::::::::;:::::::::T:::::::T::::::::t::::··· 
o Time (s) 24 
LH '98 with Remote 1XV(Plate evap. velocity 6.5 plates) 
o Time (s) 24 
LH '98 with Remote 1XV (Density) 
5.3 j • j : ; • . • • • : 
.
·.·.·.·.·.·.··.·._·"f: .. ·.·.·.·.·.·· .. ··._i:".: ................ ::" ............. ",.: ......... ----.r·····----r-··--···r········r--····--r·--······f·······'-r"---'-' 
. ········f·········j··········j··········!··········t·········t········· 
.:::::::r:::::::r.::::T::::::::;:::::::::r::::::··r····.::::::·······-:-:::::::::1::::::::::;:::.::::1:::::::: 
kg/m A3 ........ + ........ ; ·······T········L.······L ....... L ....... L ...... ! ........ j .......... [ ........ +-...... . 
... ..... .. :-........ . ....... -: ........ ··t······· ... ~ ....... -.. : ......... ! .. . -. _. ---:- ............ _ .... .. ~ ....... --.: ........ . 
l;l,];II!ifi 
4.2I!!!!!.!!!!I!!!!L-L---L_L---L_L---L_L---L_L---I:~ 
o Time (s) 24 
Appendix B - 49 
NS prod (,occeleration at inlet tube) 
(g 
o lime (secs) 25.52 
NS prod (Acceleration at evap. side location) 
(g) f----------,----f--- ,---------;---------y.--.----,,-
lime (s) 25.52 
_ NS prod (Acceleration at outlet tube) 
60 
lime (secs) 25.52 
Appendix B - 50 
NS prod (Acceleration at inlet Tube) 
6. 7 ·········j·········t·········~·········j··········~· ······(······j··········~·········j·········t·········(·····f·· 
········-r···.·---r-------T····---T---------r- -----T--------r----·--r-------T--------r·------T----·---1----
:fFl!f!l=lfT!F 
(g) ·········j··········(·········r·········· ...... ··r· ...... j ......... j .......... [ ......... j .......... : ..... ·····r·········]···· 
;1+ .-: 11111=;[=;: 
········-r··-------:------···f·--------·· -- ---- ---------r--------T---------i---------T---------r---------1'---
il:il:Tll==Elf 
o Frequency (Hz) 25000 
NS prod (Acceleration at evap. side location) 
o Frequency (Hz) 25000 
NS prod (Acceleration ~toutlettube) 
3.3 
. . , . . . , . . . . . 
·_-------'!----------l-·_-------t---------1 ---------l---·------t---------~----------~---------t---..... _yo_·······t········-'!-_·· 
W)£l=llli!J:I:I~I::I: 
J11 • .Jl!i!:J!r 
o Frequency (Hz) 25000 
Appendix 8 - 51 
III 
C 
o 
~ 
.a 
:> 
E_ 
o GI =~ ~~ 
UOI 
GlIII Q.E 
1IIG1 
-g .:: 
s:! 
m! 
~-o 
~ 
III 
.s:. 
m 
NS prod Tests (From inlet tube acceleration) 
E 
~Jl (\/\ f\ 
~rv \ V\ ~ f\ v V rJ'v 
\.v lr I\}\ /\ ArJ A I \( 
~ \j.fi \ rJ\" v V 'vi 
~ 
~ 
o 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 
Frequency (Hz.) 
NS prod Tests (From evap. side acceleration) 
~ 
~ 
~ f ~(\~ ~ 
E A fI I~ Id A ~!1J Jtl V lk 
~~r \M rJ r II V ~ ,~ ~ ~ ~yv lJ V 
~ V 1\1 
V 
~ J 
E 
a 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 
Frequency (Hz.) 
NS prod Tests (From outlet tube acceleration) 
E 
E 
'1\ 
~rJ A. \ Af" 
~ V 
'\ AA ~J Iv VJV fV\/ v .A fI A 
E lrJ l/\ ~ t~l V ~ A 
E .~ W 
.f\ rv V 
~ 'V V 
~ 
o 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 
Frequency (Hz.) 
Appendix 8 - 52 
NS prod (Suction Temperature) 
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NS prod with Remote TXN (Acceleration at evap center) 
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NS prod with Remote TXV(Suction temperature) 
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APPENDIX C - INTERNAL ACOUSTIC PRESSURE POWER 
SPECTRA GRAPHS 
LIST OF FIGURES 
APPENDIXC 
In this appendix the graphs of spectra taken for individual plate evaporator 
channel samples is shown (see Figure E.22 and E.23 in appendix E for 
photographs of samples). Data was taken using the nitrogen and refrigerant 
experimental test facilities. These graphs were used to generate the data needed 
for Figures 6 through 11 in chapter V and VI. 
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Figure C.1. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table of test data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Figure C.2. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table of test data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
Appendix C - 4 
Table C.3 
Nitrogen Tests Data 
LH Production Plate Evaporator Tests 
Venturi Inlet Inlet Mass Flow Flow Inlet Reynolds Speed of 
Pressure Drop Pressure Temperature Flow Velocity 1 Velocity 2 Density Number Sound 
In H2O psig C g/s m/s m/s kg/ml\3 m/s 
0.35 0.97 22.5 0.96 19.42 16.85 1.211 5340 350.8 
0.62 1.78 22.5 1.31 25.35 21.99 1.275 7335 350.8 
1.'15 . 3.32 22.5 1.86 32.80 28.46 1.396 10397 350.8 
2.15 6.55 22.4 2.77 41.32 35.85 1.650 15477 350.8 
2.82 8.93 22.4 3.34 44.80 38.87 1.837 18683 350.9 
2.50 7.65 22.4 3.06 43.35 37.60 1.737 17089 350.8 
2.91 9.34 22.4 3.43 45.14 39.16 1.870 19152 350.9 
3.51 11.72 22.4 3.94 47.23 40.97 2.057 22047 350.9 
3.99 13.49 22.5 4.34 48.70 42.25 2.195 24258 351.0 
4.66 15.56 22.5 4.86 50.77 44.05 2.358 27158 351.0 
5.29 18.18 22.5 5.41 51.92 45.04 2.564 30197 351.0 
6.03 21.80 22.5 6.08 52.56 45.60 2.849 33960 351.1 
6.51 24.15 22.5 6.52 52.92 45.91 3.034 36410 351.1 
7.02 26.51 22.4 6.97 53.33 46.26 3.220 38951 351.1 
7.72 29.74 22.3 7.60 53.83 46.70 3.476 42456 351.1 
8.30 32.67 22.2 8.14 54.05 46.89 3.708 45471 351.0 
9.13 36.72 22.0 8.89 54.36 47.16 4.029 49707 351.0 
10.12 41.35 21.8 9.78 54.79 47.53 4.398 54712 350.9 
11.96 49.99 21.5 11.43 55.40 48.06 5.084 63972 350.9 
12.88 55.60 21.1 12.38 55.10 47.80 5.534 69321 350.7 
14.39 62.83 20.7 13.75 55.40 48.06 6.114 77051 350.6 
15.30 66.99 20.1 14.57 55.59 48.23 6.456 81761 350.3 
17.43 78.91 19.4 16.67 55.34 48.01 7.422 93711 350.0 
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Figure CA. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table of test data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
Appendix C - 6 
-
'ii 
~ 
::J 
~ 
~ 
a. 
-~ 
-'w 
a. 
Q) 
..... 
::J 
If) 
If) 
Q) 
..... 
~ 
::J 
~ 
~ 
a. 
a. 
-'w 
a. 
-~ 
::J 
~ 
~ 
a. 
0.014 
0.012 
0.010 
0.008 
0.006 
0.004 
0.002 
0.000 
0.07 
0.06 
0.05 
0.04 
0.03 
0.02 
om 
0.00 
Q.400 
0.350 
0.300 
0.250 
0.200 
0.150 
0.100 
0.050 
0.000 
0.400 
0.350 
0.300 
0.250 
0.200 
0.150 
0.100 
0.050 
0.000 
LH robust with Microphone at Mid Position 
.---------,'0.012 
0.010 
0.008 
0.006 
0.004 
0.002 
r---------,0.020 
oms 
0.010 
0.005 
[............. I 
I, 10.000 I I, I ,I I 0.000 
.150 r--r-------" 0.150 
.100 0.100 
.050 0.050 
I , 10.000 
0.400 .400 
0.350 .350 
0.300 .300 
0.250 .250 
0.200 .200 
0.150 .150 
0.100 .100 
0.050 .050 
I , I , I , I , 10.000 10.000 
0.400 .400 
0.350 .350 
0.300 .300 
0.250 .250 
0.200 .200 
0.150 .150 
0.100 .100 
0.050 .050 
0.000 .000 
0 5000 100001500020000 0 5000 1000<I5000 20000 
Frequency Frequency 
.---.------.0.250 
.200 
.150 
.100 
'0.035 
0.030 
0.025 
0.020 
0.015 
[ 0.010 
........... , ,0.005 
~~O.OOO 
0.250 
0.200 
0.150 
0.100 
0.050 
~
" "" .000 I , I , I , I , I 0.000 
Q.400 0.350 0.350 0.300 0.300 0.250 0.250 
0.200 0.200 
0.150 0.150 
0.100 0.100 
0.050 0.050 
I , , I 10.000 10.000 
0.400 0.60 
0.350 0.40 
0.300 
0.250 0.20 
0.200 0.00 
0.150 
-0.20 
0.100 
0.050 -0.40 
, I , I , I , 10.000 , I , I , I , 1-0.60 
0 5000100001500GlOOOO 0 5000 100001500020000 
Frequency Frequency 
I , , I I V1VVV 
.60 
I-
.40 
r- D.20 
.00 
r- ~.20 
r- p.40 
, I , I , I , -p.60 
0 5000 1000(1500020000 
Frequency 
I , I , 
t 
t 
, I , I , I , I 
0 5000100001500020000 
Frequency 
Figure C.5. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table of test data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Table C.6 
Nitrogen Tests Data 
LH Robust Plate Evaporator Tests 
Venturi Inlet Inlet Mass Flow Inlet Reynold Speed of 
Pressure Drop Pressure Temperature Flow Velocity 1 Density s Sound 
Number 
in H20 psig C gls mls kg/ml\3 mls 
0.48 1.95 24.0 1.16 28.05 1.282 8129 351.7 
0.79 3.20 23.7 1.53 34.48 1.381 10775 351.5 
1."56 6.55 23.4 2.36 44.46 1.645 16558 351.4 
1.98 8.45 23.1 2.77 47.90 1.795 19480 351.3 
2.56 11.22 22.9 3.34 51.47 2.014 23493 351.2 
3.02 13.53 22.8 3.78 53.51 2.196 26640 351.2 
3.56 16.53 22.8 4.32 55.17 2.432 30418 351.2 
4.16 20.05 22.7 4.93 56.48 2.710 34693 351.2 
4.63 22.79 22.7 5.40 57.35 2.925 38027 351.2 
4.98 25.05 22.6 5.77 57.78 3.103 40648 351.2 
5.70 29.39 22.6 6.50 58.62 3.445 45770 351.3 
6.04 31.57 22.6 6.86 58.92 3.616 48294 351.3 
6.57 34.98 22.6 7.42 59.28 3.885 52194 351.3 
7.19 38.99 22.4 8.07 59.63 4.202 56807 351.3 
7.85 43.14 22.3 8.75 59.99 4.529 61603 351.3 
8.34 46.04 22.2 9.25 60.35 4.760 65139 351.3 
8.93 50.36 22.0 9.91 60.30 5.103 69801 351.2 
9.92 56.58 21.8 10.94 60.68 5.597 77067 351.2 
10.70 62.23 21.6 11.81 60.62 6.048 83222 351.1 
11.16 65.22 21.3 12.29 60.70 6.290 86723 351.0 
12.22 73.25 21.1 13.50 60.52 6.930 95268 351.0 
13.20 80.35 20.8 14.60 60.48 7.498 103053 350.9 
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Figure C.? Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table of test data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
Appendix C - 9 
-'iii 
0.. 0.0014 .0030 
-Q) 0.0012 
.... 0.0010 ::J 
<II 0.0008 <II 
~ 0.0006 l~1 0.. 0.0004 0.0002 
.0025 
.0020 
.0015 
.0010 
.0005 
0.0000 I I I I I I I .0000 
'iii 0.014 0.. 
.025 0.012 ~ 0.010 .020 
::J 
<II 0.008 
<II .015 
~ 0.006 
0.. 0.004 .010 
0.002 
.005 
0.000 
I I I I 1 I 1 I 111.000 
-'iii 0.250 0.. 0.7 
-~ 0.200 0.6 
::J 0.150 
0.5 
<II 
<II 0.4 
Q) 0.100 0.3 .... 
0.. 
0.050 0.2 0.1 
0.000 
1 1 1 I 1 0.0 I I I I I 
-'iii 3.50 3.00 
0.. 3.00 l-
-
2.50 
Q) 2.50 I--
.... 2.00 
::J I-
<II 2.00 
<II 1.50 I--
1.50 
Q) 
.... I- 1.00 0.. 1.00 
0.50 I-- 0.50 
0.00 I I I 
0.00 
I I I I I 
0 5000 100001500020000 
Frequency 
NS production with Microphone at Mid Position 
0.0040 0.007 0.0035 0.006 0.0030 0.005 0.0025 .004 
0.0020 0.004 
.003 
0.0015 ~L 0.003 0.0010 .002 0.002 \l1l 0.0005 0.001 
1 I I 10.0000 I I I 1 I I I 10.000 I I I I I I I I I I I I 
0.025 .035 0.08 
0.020 .030 0.07 
.025 0.06 
0.015 
0.010 
0.05 
.020 0.04 
.015 0.03 
0.005 .010 0.02 
.005 o.ot 
1°·000 .000 0.00 1 I I I I 
0.6 2.00 4.00 
0.5 
0.4 
0.3 
0.2 
0.1 
0.0 
I 
~ 3.50 ~I~ 3.00 2.50 1.00 2.00 1.50 0.50 1.00 
0.50 
I I I I I I I I I 0.00 I I I I I I I I I 0.00 
3.00 7 6 
I-- 2.50 
I- 2.00 
I-- 1.50 
I-- 1.00 
I- 0.50 
I I I 10.00 I I I I 
5 
4 
3 
2 
I 
0 ttl I ~ I I 
0 5000 10000500020000 o 5000 10000 1500010000 
° 5000 1000015000 20000 
Frequency Frequency Frequency 
FI 10.008 
.0.007 
0.006 
0.005 
0.004 
0.003 
0.002 
1= ..... ···", ............... i·OO1 
I I I I I I I 10.000 
,.------1I ~.140 
" .120 
.100 
.080 
.060 
.040 
.020 ,""y~ .. o ,1.000 
~ !~ .50 .00 
.50 
00 t l p:so 
I 1 
I I I I I P'OO I I I I I 
8 
to- 7 I to- 6 5 to- 4 to- 3 to- rt. 2 I 0 
I 1 I I I I I 1 I I I I I I I I 
0 500010CKKn500020000 0 5000100001500020000 
Frequency Frequency 
Figure C.B. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table oftest data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Table C.9 
Nitrogen Tests Data 
NS Production Plate Evaporator Tests 
Venturi Inlet Inlet Mass Flow Flow Inlet Speed of 
Pressure Drop Pressure Temperature Flow Velocity 1 Velocity 2 Density Sound 
in H20 psig C gls mls mls kg/mJ\3 mls 
0.18 0.54 23.3 0.64 15.91 13.790 1.174 351.2 
0.44 1.37 23.3 1.06 24.42 21.170 1.239 351.2 -
0.67 2.15 23.3 1.35 29.54 25.600 1.301 351.3 
. 0.94 3.03 23.3 1.65 34.03 29.500 1.37 351.3 
1.25 4.09 23.3 1.95 38.01 32.950 1.453 351.3 
1.46 4.83 23.3 2.17 40.30 34.940 1.511 351.3 
1.91 6.47 23.3 2.58 44.34 38.440 1.639 351.3 
2.58 8.97 23.3 3.18 48.64 42.160 1.835 351.4 
3.03 10.87 23.3 3.60 50.69 43.940 1.984 351.4 
3.51 12.84 23.2 4.02 52.51 45.520 2.139 351.4 
3.90 14.60 23.2 4.38 53.65 46.510 2.277 351.4 
4.08 15.53 23.1 4.56 54.03 46.840 2.351 351.4 
4.47 17.45 23.1 4.95 54.77 47.480 2.502 351.4 
4.93 19.72 23.0 5.39 55.61 48.200 2.68 351.4 
5.96 24.55 23.0 6.33 57.18 49.560 3.06 351.4 
6.60 27.56 23.0 6.91 57.97 50.250 3.296 351.5 
7.31 30.98 22.9 7.54 58.68 50.860 3.566 351.5 
8.46 36.58 22.8 8.90 59.52 51.590 4.007 . 351.5 
9.27 40.80 22.7 9.28 59.88 51.910 4.339 351.5 
10.31 45.61 22.5 10.37 60.55 52.480 4.721 351.5 
11.71 52.50 22.3 11.64 61.09 52.960 5.266 351.4 
14.11 64.37 23.5 13.76 61.91 53.670 6.176 352.3 
17.36 81.14 23.6 16.82 62.37 54.060 7.489 352.6 
20.08 95.68 23.7 19.46 62.49 54.160 8.627 352.9 
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Figure C.1 O. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table of test data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Figure C.11. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table of test data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Table C.12 
Nitrogen Tests Data 
NS Robust Plate Evaporator Tests 
Venturi Inlet Inlet Mass Flow Flow Inlet Speed of 
Pressure Drop Pressure Temperature Flow Velocity 1 Velocity 2 Density Sound 
in H20 psig C gls mls mls kg/ml\3 mls 
0.46 2.47 23.2 1.15 27.25 28.600 1.326 351.2 
0.89 4.90 23.2 1.70 35.35 37.100 1.516 351.3 
1.57 9.11 23.3 2.51 42.69 44.800 1.846 351.4 
2.13 12.66 23.4 3.13 46.31 48.600 2.124 351.5 
.2.64 16.11 23.3 3.69 48.50 50.910 2.394 351.5 
3.22 20.31 23.3 4.35 50.18 52.670 2.725 351.5 
3.69 23.98 23.2 4.90 51.11 53.640 3.013 351.5 
4.22 27.74 22.8 5.49 52.11 54.690 3.313 351.4 
4.60 30.84 22.8 5.94 52.53 55.130 3.556 351.4 
5.33 36.87 22.7 6.81 53.10 55.730 4.031 351.4 
5.94 41.93 22.5 7.54 53.48 56.130 4.432 351.4 
6.42 46.33 22.2 8.14 53.52 56.170 4.782 351.3 
7.07 51.43 22.0 8.89 53.92 56.590 5.187 351.2 
7.45 55.18 21.7 9.39 53.81 56.480 5.489 351.1 
8.18 60.71 21.4 10.23 54.22 56.910 5.933 351.0 
8.50 63.72 21.0 10.64 54.17 56.850 6.178 350.8 
9.04 68.54 20.6 11.32 54.17 56.860 6.568 350.6 
9.63 72.57 20.1 11.97 54.55 57.250 6.9 350.4 
9.86 75.23 19.6 12.31 54.34 57.030 7.124 350.1 
10.53 79.90 19.0 13.06 54.68 57.390 7.511 349.8 
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Figure C.13. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table of test data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Figure C.14. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table of test data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Table C.1S 
Nitrogen Tests Data 
JA Production Plate Evaporator Tests 
Venturi Inlet Inlet Mass Volumetric Reynolds Inlet Speed of 
Pressure Drop Pressure Temperature Flow flow number Density Sound 
in H20 psig C r;1/s m"3/h kg/m"3 m/s 
0.88 1.09 21.6 1.199 4.69 18031.000 1.229 350.3 
1.01 2.23 21.6 1.78 4.86 20051.000 1.319 350.3 
1.61 3.60 21.6 2.34 5.90 26353.000 1.427 350.3 
2.21 4.96 21.5 2.838 6.66 31975.000 1.534 350.3 
2.52 5.73 21.5 3.092 6.98 34833.000 1.596 350.2 
3.11 7.37 21.5 3.571 7.45 40229.000 1.725 350.3 
3.54 8.60 21.5 3.91 7.73 44045.000 1.822 350.3 
3.95 10.32 21.4 4.283 7.87 48251.000 1.958 350.3 
4.52 11.25 21.4 4.667 8.27 52577.000 2.031 350.3 
5.08 13.23 21.4 5.135 8.45 57842.000 2.188 350.3 
5.55 14.70 21.3 5.504 8.60 62006.000 2.304 350.3 
6.04 16.39 21.3 5.908 8.72 66575.000 2.438 350.3 
6.62 18.48 21.1 6.392 8.84 72044.000 2.605 350.2 
7.03 19.93 21.0 6.729 8.91 75857.000 2.72 350.2 
7.91 23.14 20.8 7.466 9.03 84217.000 2.976 350.1 
8.97 27.11 20.5 8.36 9.14 94347.000 3.293 350.0 
10.05 31.01 20.3 9.261 9.25 104557.000 3.605 349.9 
10.93 34.88 19.9 10.06 9.25 113722.000 3.916 349.7 
12.18 39.81 19.5 11.15 9.31 126091.000 4.313 349.6 
13.38 44.61 19.1 12.2 9.34 138144.000 4.703 349.4 
14.39 48.95 18.5 13.12 9.34 148754.000 5.058 349.1 
15.27 53.91 17.7 14.06 9.26 159647.000 5.468 348.7 
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Figure C.16. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table ottest data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Figure C.17. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table oftest data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Table C.18 
Nitrogen Tests Data 
JA Robust Plate Evaporator Tests 
Venturi Inlet Inlet Mass Volumetric Reynolds Inlet Speed of 
Pressure Drop Pressure Temperature Flow flow number Density Sound 
in H2O psig C g/s mA 3/h kg/mA3 m/s 
0.33 0.95 19.4 0.9774 2.87 11073 1.227 349.0 
0.63 1.80 19.4 1.398 3.89 15843 1.295 349.0 
0.88 2.54 19.5 1.688 4.49 19122 1.353 349.0 
1.27 3.69 19.5 2.093 5.22 23705 1.444 349.0 
.1.59 4.91 19.5 2.413 5.63 27331 1.542 349.0 
1.92 6.10 19.5 2.734 6.02 30971 1.636 349.1 
2.33 8.24 19.5 3.162 6.30 35807 1.806 349.1 
2.73 10.57 19.5 3.594 6.50 40694 1.991 349.1 
3.52 15.02 19.5 4.43 6.80 50150 2.344 349.2 
3.91 17.34 19.5 4.846 6.90 54858 2.528 349.3 
4.49 20.49 19.6 5.446 7.06 61631 2.778 349.3 
4.90 23.10 19.6 5.895 7.11 66704 2.985 349.4 
5.52 26.91 19.6 6.563 7.19 74250 3.288 349.4 
6.07 30.60 19.6 7.185 7.22 81286 3.581 349.5 
6.62 34.14 19.5 7.794 7.26 88172 3.864 349.5 
7.25 38.18 19.4 8.49 7.30 96064 4.186 349.4 
7.79 41.47 19.2 9.071 7.34 102671 4.45 349.4 
8.38 45.06 18.9 9.711 7.37 109990 4.741 349.3 
8.91 48.64 18.6 10.32 7.38 116929 5.032 349.1 
9.46 51.91 18.1 10.91 7.41 123772 5.3 348.9 
9.99 55.94 17.6 11.56 7.39 131280 5.632 348.7 
10.44 59.93 17.1 12.16 7.34 138334 5.964 348.4 
11.09 63.79 16.5 12.87 7.37 146593 6.287 348.0 
11.82 68.95 15.8 13.73 7.36 156652 6.717 347.7 
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Figure C.19. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table of test data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Figure C.20. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table of test data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Table C.21 
Nitrogen Tests Data 
JA Robust 2 Plate Evaporator Tests 
Venturi Inlet Inlet Mass Volumetric Reynolds Inlet Speed of 
Pressure Drop Pressure Temperature Flow flow number Density Sound 
in H2O psig C ' gls ml\3/h kg/ml\3 mls 
0.20 0.60 21.8 0.7493 2.27 8436.000 1.19 350.4 
0.37 1.07 21.9 1.037 3.04 11666.000 1.226 350.5 
0.57 1.63 ' 22.1 1.314 3.73 14778.000 1.27 350.6 
,,0.88 2.51 22.0 1.672 4.49 18813.000 1.34 350,5 
1.12 3.25 21.9 1.933 4.98 21761.000 1.398 350.4 
1.35 3.95 21.9 2.159 5.35 24294.000 1.453 350.5 
1.71 5.44 21.9 2.527 5.80 28436.000 1.57 350.5 
2.08 6.75 21.9 2.877 6.19 32376.000 1.673 350.5 
2.40 8.24 22.0 3.195 6.42 35939.000 1.79 350.6 
2.81 10.32 22.0 3.614 6.66 40648.000 1.954 350.6 
3.14 12.04 22.0 3.948 6.80 44405.000 2.09 350.6 
3.90 16.69 21.9 4.77 6.99 53666.000 2.457 350.6 
4.60 20.64 22.1 5.495 7.15 61780.000 2.766 350.8 
5.02 23.35 21.8 5.962 7.20 67059.000 2.982 350.7 
5.49 26.42 21.9 6.484 7.24 72915.000 3.224 350.8 
6.03 29.45 21.7 7.043 7.32 79226.000 3.465 350.7 
6.44 32.05 21.4 7.497 7.35 84389.000 3.673 350.6 
6.92 34.49 21.2 7.973 7.42 89794.000 3.869 350.5 
7.94 41.05 20.5 9.105 7.45 102695.000 4.397 350.2 
7.85 40.95 20.0 9.053 7.41 102259.000 4.397 349.9 
8.43 44.76 19.8 9.702 7.43 109636.000 4.703 349.8 
8.65 46.20 19.3 9.958 7.43 112672.000 4.826 349.5 
9.32 50.64 18.6 10.72 7.43 121509.000 5.192 349.1 
9.88 53.92 18.3 11.32 7.46 128356.000 5.459 349.0 
10.87 60.32 17.7 12.43 7.48 141103.000 5.983 348.7 
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Figure C.22. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table of test data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Figure C.23. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
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Table C.24 
Nitrogen Tests Data 
PL Production Plate Evaporator Tests 
Venturi Inlet Inlet Mass Flow Inlet Speed of 
Pressure Drop Pressure Temperature Flow velocity 1 Density Sound 
in H20 psig C gls mls kg/mJ\3 mls 
0.35 0.86 21.2 0.9998 34.22 1.212 350.013 
0.57 1.52 21.2 1.307 42.89 1.265 350.015 
0.93 2.67 21.2 1.729 52.93 1.355 350.032 
1.27 3.90 21.2 2.099 59.94 1.453 350.077 
.1.56 5.06 21.3 2.397 64.45 1.544 350.104 
1.88 6.21 21.3 2.707 68.72 1.634 350.127 
2.32 8.00 21.3 3.128 73.07 1.776 350.153 
2.79 10.19 21.3 3.598 76.62 1.948 350.197 
3.50 13.90 21.3 4.315 79.87 2.241 350.252 
4.06 17.08 21.3 4.906 81.67 2.492 350.319 
4.50 19.66 21.3 5.369 82.62 2.696 350.334 
4.89 21.85 21.2 5.772 83.44 2.870 350.304 
5.50 25.50 21.1 6.423 84.35 3.159 350.318 
5.99 29.01 21.0 6.992 84.39 3.438 350.301 
6.47 31.95 21.0 7.509 84.90 3.670 350.360 
6.96 35.07 20.8 8.046 85.19 3.919 350.271 
7.50 38.82 20.4 8.671 85.22 4.222 350.080 
8.17 42.29 20.1 9.344 86.12 4.502 349.951 
8.43 44.78 19.6 9.706 85.54 4.708 349.672 
9.01 48.43 19.1 10.35 85.78 5.006 349.432 
9.62 52.74 18.5 11.06 85.65 5.360 349.144 
10.32 57.96 18.0 11.91 85.41 5.786 348.928 
10.76 61.19 17.5 12.44 85.24 6.056 348.624 
12.33 72.70 17.3 14.3 84.96 6.982 348.689 
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Figure C.25. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table oftest data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Figure C.26. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table oftest data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Table C.27 
Nitrogen Tests Data 
PL Robust Plate Evaporator Tests 
Venturi Inlet Inlet Mass Flow Reynolds Inlet Speed of 
Pressure Drop Pressure Temperature Flow velocity 1 Number Density Sound 
in H20 psig C ' gls mls kg/ml\3 mls 
0.20 0.40 21.1 0.8076 32.14 8615 1.176 349.94 
0.34 0.69 21.1 0.9908 41.93 11459 1.199 349.93 
0.51 1.21 21.1 1.225 50.13 14171 1.241 349.94 
.0.72 1.72 21.0 1.488 58.94 17206 1.281 349.93 
0.96 2.40 21.0 1.75 66.57 20240 1.334 349.94 
1.33 3.53 21.1 2.126 75.78 24582 1.424 349.97 
1.65 4.48 21.1 2.426 82.16 28061 1.499 349.98 
2.00 5.57 21.1 2.745 87.91 31743 1.585 350.00 
2.40 7.06 21.1 3.117 92.91 . 36036 1.703 350.04 
2.92 9.24 21.1 3.604 97.58 41665 1.875 350.07 
3.45 11.46 21.1 4.098 101.50 47368 2.050 350.12 
4.00 14.19 21.1 4.639 103.90 53612 2.265 350.17 
4.58 16.97 21.1 5.199 106.20 60084 2.485 350.21 
5.10 19.60 21.1 5.711 107.70 66000 2.693 350.23 
5.45 21.79 21.1 6.087 107.80 70346 2.867 350.23 
6.12 25.57 21.0 6.783 108.80 78381 3.166 350.26 
6.62 27.93 20.9 7.259 109.90 83895 3.353 350.24 
6.95 30.31 20.8 7.644 109.50 88382 3.544 350.16 
7.48 33.67 20.6 8.225 109.50 95144 3.812 350.09 
8.16 37.31 20.3 8.915 110.30 103177 4.104 350.00 
8.81 41.04 19.8 9.599 110.60 111225 4.408 349.75 
9.47 44.85 19.3 10.29 110.80 119408 4.718 349.51 
10.66 51.97 18.7 11.57 110.90 134432 5.295 349.24 
11.72 60.74 17.3 12.94 109.00 150863 6.025 348.50 
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Figure C.28. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table of test data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Figure C.29. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table of test data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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TableC.30 
Nitrogen Tests Data 
RS Plate Evaporator Tests 
Venturi Inlet Inlet Mass Flow Inlet Speed of 
Pressure Drop Pressure Temperature Flow velocity 1 Density Sound 
in H2O psig C gls mls kg/ml\3 mls 
0.46 0.13 23.5 1.066 15.95 1.141 351.39 
0.47 0.31 23.5 1.083 16.00 1.156 351.38 
0.94 0.61 23.5 1.544 22.36 1.179 351.38 
1.60 1.04 23.5 2.047 28.83 1.212 351.39 
2.00 1.30 23.5 2.306 31.94 1.233 351.38 
2.87 1.88 23.5 2.811 37.54 1.278 351.37 
3.52 2.30 23.5 3.15 40.99 1.312 351.38 
4.28 2.80 23.4 3.52 44.48 1.351 351.36 
5.04 3.34 23.4 3.877 47.51 1.393 351.35 
6.08 4.10 23.4 4.345 51.08 1.452 351.37 
7.08 4.78 23.4 4.768 54.05 1.506 351.35 
8.12 5.58 23.3 5.209 56.68 1.569 351.35 
9.26 6.50 23.3 5.684 59.12 1.641 351.35 
10.88 7.90 23.3 6.36 62.01 1.751 351.35 
12.58 9.42 23.2 7.062 64.45 1.871 351.33 
14.38 10.98 23.1 7.79 66.70 1.994 351.31 
16.41 13.00 23.0 8.64 68.53 2.153 351.28 
17.90 14.44 22.9 9.256 69.70 2.267 351.23 
21.20 17.66 22.7 10.61 71.86 2.521 351.15 
23.36 19.86 22.5 11.52 72.91 2.697 351.04 
29.60 26.80 22.0 14.21 74.74 3.247 350.89 
33.04 30.70 21.5 15.72 75.39 3.561 350.64 
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RS with Microphone at Mid Position (without U-Bend) 
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Figure C.31. Power spectrum of tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table of test data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Table C.32 
Nitrogen Tests Data 
RS Plate Evaporator Tests (Without U-Bend) 
Venturi Inlet Inlet Mass Flow Inlet Speed of 
Pressure Pressure Tempera Flow Velocity Density Sound 
Drop ture 1 
in H20 psig C g/s m/s kg/m"3 m/s 
0.8919 0.3202 23.07 1.494 25.62 1 . 158 351. 117 
1.732 0.6785 23.04 2.105 35.23 1. 186 351. 1 06 
3.243 1.361 23.06 2.939 47.07 1.24 351.123 
4.176 1.806 23.06 3.378 52.62 1.275 351.129 
5.301 2.366 23.05 3.866 58.22 1.319 351 .135 
6.507 3.004 23.01 4.359 63.23 1.369 351.122 
8.332 4.05 23 5.07 69.38 1.451 351.128 
9.739 4.889 22.98 5.598 73.28 1.517 351.13 
10.89 5.617 22.97 6.026 76.02 1.574 351.132 
12.76 6.882 22.94 6.718 79.71 1.674 351.132 
14.32 8.003 22.89 7.295 82.22 1.762 351. 121 
16.11 9.304 22.84 7.953 84.71 1.864 351.108 
17.48 10.35 22.75 8.462 86.29 1.947 351.067 
19.25 11.85 22.6 9.141 87.85 2.066 351.001 
20.7 13.06 22.42 9.692 89.01 2.162 350.913 
22.5 14.63 22.21 10.39 90.2 2.287 350.81 
25.56 17.4 21.91 11.59 91.74 2.508 350.669 
28.7 20.42 21.52 12.85 92.8 2.75 350.482 
33.66 25.54 21.06 14.91 93.74 3.159 350.283 
37.22 29.15 20.31 16.39 94.25 3.452 349.883 
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Figure C.33. Power spectrum ot tests performed using nitrogen. Graphs order: From left to right from top to bottom (in the 
same order as found in the table ottest data). Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Table C.34 
Nitrogen Tests Data 
Baffled Stereolithography Model (similar to RS) 
Tests with Microphone at one of the Side Channel 
Venturi Inlet Inlet Mass Flow Flow Inlet Outlet Speed of 
Pressure Press. Temp. Flow Velocity Velocity Density Density Sound 
Drop in out 
in H20 psig C· g/s m/s m/s kg/m"3 kg/m"3 m/s 
0.7477 0.5831 21.5 1.384 23.19 24.13 1.185 1.139 350.186 
,. 1.398 0.7475 21.52 1.901 31.51 33.14 1.198 1.139 350.201 
2.269 0.9755 21.56 2.437 39.81 42.5 1.216 1.139 350.227 
2.921 1.142 21.6 2.778 44.89 48.44 1.229 1.139 350.257 
4.123 1.458 21.62 3.328 52.73 58.05 1.253 1.138 350.271 
4.825 1.656 21.62 3.619 56.64 63.13 1.269 1.138 350.273 
5.983 1.992 21.65 4.067 62.34 70.94 1.295 1.138 350.298 
7.156 2.311 21.63 4.485 67.43 78.22 1.321 1 .138 350.289 
8.567 2.73 21.64 4.96 72.77 86.52 1.354 1.138 350.303 
9.607 3.04 21.62 5.295 76.29 92.35 1.378 1.138 350.292 
11.34 3.571 21.58 5.831 81.53 101.7 1.42 1.139 350.28 
13.59 4.299 21.55 6.498 87.31 113.3 1.478 1.139 350.27 
15.43 4.987 21.46 7.038 91.2 122.7 1.532 1.139 350.226 
17.07 5.63 21.37 7.517 94.26 131 1.584 1.139 350.182 
18.93 6.347 21.23 8.048 97.39 140.2 1.641 1.14 350.108 
23.17 8.091 21 9.25 103.2 161 1.78 1.141 349.997 
26.85 9.93 20.68 10.35 106.6 179.9 1.927 1.142 349.833 
33.48 13.69 20.17 12.4 110.5 215.2 2.229 1.144 349.578 
39.51 18.16 19.55 14.51 111.3 251.3 2.589 1.147 349.27 
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Figure C.35. Power spectrum of tests performed using R 134a refrigerant. Graphs order: 
From left to right from top to bottom (in the same order as found in the table of test data). 
Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Figure C.36. Power spectrum of tests performed using R134a refrigerant. Graphs order: 
From left to right from top to bottom (in the same order as found in the table of test data). 
Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Table C.37 
R134a Refrigerant Tests Data 
NS Production Plate Evaporator Tests 
Inlet Outlet Inlet Outlet Mass Inlet Outlet Inlet Outlet Inlet Outlet Press Inlet Outlet 
Press Press Temp Temp Flow Flow Flow Superheat Superheat Density Density Drop Sound Sound 
Velocity Velocity Speed Speed 
bars bars . C C Ib/h m/s m/s C C kg/ml\3 kg/ml\3 psi m/s m/s 
5.14 4.86 23.0 15.3 48.8 7.09 7.23 6.4 0.5 23.76 24.24 3.964 148.4 145.8 
6.08 5.82 36.3 20.1 59.9 7.68 7.42 14.4 Sat. 28.4 27.42 3.735 151.4 145 
6.83 5.91 41.7 19.1 111.4 12.84 13.61 15.8 Sat. 28.81 30.53 13.44 151.6 144.9 
6.70 5.18 17.1 14.3 136.6 14.71 19.03 Two- Two- 25.27 32.69 22.09 144.2 145.5 
phase Phase 
5.94 5.00 21.8 13.6 105.7 12.86 15.23 0.6 Sat. 24.43 28.92 13.5 145 145.7 
6.07 4.59 24.3 10.0 126.7 15.24 19.88 2.4 Sat. 22.42 29.24 21.46 145.7 146 
6.19 4.52 32.0 9.3 135.9 16.70 21.67 9.4 Sat. 22.08 28.65 24.24 149 146 
6.20 4.48 21.8 9.0 146.8 17.09 23.60 Sat. Sat. 21.89 30.23 24.98 144.6 146.1 
4.12 3.63 31.9 8.0 53.9 10.47 10.72 22.1 2.0 17.68 18.11 7.197 155.2 147.2 
4.11 3.63 32.0 7.9 61.0 11.88 12.13 22.2 1.9 17.69 18.06 7.06 155.3 147.2 
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Figure C.38. Power spectrum of tests performed using R134a refrigerant. Graphs order: From 
left to right from top to bottom (in the same order as found in the table of test data). Frequency 
range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Figure C.39. Power spectrum of tests performed using R134a refrigerant. Graphs order: From 
left to right from top to bottom (in the same order as found in the table of test data). Frequency 
range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Table C.40 
R 134a Refrigerant Tests Data 
NS Robust Plate Evaporator Tests 
Inlet Outlet Inlet Outlet Mass Inlet Flow Outlet Flow Inlet Outlet Inlet Outlet Pres. Inlet Outlet 
Press Press Temp Temp Flow Velocity Velocity Superheat Superheat Density Density Drop Sound Sound 
Speed Speed 
bars bars C 'C '. Iblh mls mls C C kg/mJ\3 kg/mJ\3 psi mls mls 
4.90 4.42 40.0 37.1 77.6 15.29 16.88 25.0 25.2 19.11 21.09 6.826 156.2 156.4 
5.51 4.61 49.0 44.2105.4 18.99 22.59 30.3 31.0 19.4 23.08 12.96 158.1 158.5 
5.87 4.50 29.8 26.5134.0 20.43 27.19 9.0 14.0 20.49 27.27 19.84 149.1 151.9 
5.71 4.38 51.8 46.9123.7 21.67 28.36 31.9 35.2 18.14 23.74 19.28 158.7 160 
6.53 4.35 51.0 46.1164.2 24.65 37.85 26.6 34.7 18.04 27.7 31.71 156.4 159.8 
6.73 4.37 47.3 43.4166.1 23.69' 37.62 22.0 31.8 18.36 29.15 34.17 154.4 158.8 
6.04 4.64 62.9 58.5127.8 22.08 28.84 41.2 45.1 18.42 24.07 20.19 162.1 163.4 
4.76 4.45 25.4 22.8 62.3 11.80 12.59 11.2 10.7 20.57 21.96 4.619 150.6 150.6 
4.75 4.43 28~6 25.8 61.0 11.77 12.57 14.5 13.8 20.18 21.55 4.707 152 151.9 
5.09 4.47 44.5 41.4 89.8 17.32 19.70 28.3 29.2 18.96 21.56 8.963 157.4 157.8 
5.28 4.66 17.3 13.9 79.4 0.27 14.49 Sat. Sat. 22.79 8.988 145.9 
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Figure C.41. Power spectrum of tests performed using R134a refrigerant. Graphs order: From left • 
to right from top to bottom (in the same order as found in the table of test data). Frequency range 
0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Table C.42 
R 134a Refrigerant Tests Data 
RS Plate Evaporator Tests 
Inlet Outlet Inlet Outlet Mass Inlet Outlet Inlet Outlet Inlet Outlet Pres. Inlet Outlet 
Pres. Pres. Temp Temp Flow Flow Flow Superheat Superheat Density Density Drop Sound Sound 
Velocity Velocity Speed Speed 
bars bars . c· C Iblh mls mls C C kg/mA3 kg/mA3 psi mls mls 
6.78 6.64 60.9 58.7 154.0 12.01 12.17 35.3 33.8 27.59 27.21 2.036 159.7 159.2 
6.39 6.07 56.3 54.5209.4 17.11 17.96 32.8 32.6 26.34 25.09 4.598 158.9 158.9 
6.50 6.08 64.1 62.0239.6 19.83 21.16 39.9 40.0 26 24.36 6.082 161.5 161.6 
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Figure C.43. Power spectrum of tests performed using R134a refrigerant. Graphs order: 
From left to right from top to bottom (in the same order as found in the table of test data). 
Frequency range 0-20kHz., Delta Freq. 25Hz., Hanning window used. 
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Figure C.44, Power spectrum of tests performed using R134a refrigerant. Graphs order: 
From left to right from top to bottom (in the same order as found in the table of test data). 
Frequency range 0-20kHz" Delta Freq. 25Hz" Hanning window used, 
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Table C.4S 
R 134a Refrigerant Tests Data 
PL Robust Plate Evaporator Tests 
Inlet Outlet Inlet Outlet Mass Inlet Outlet Inlet Outlet Inlet Outlet Pres. Inlet Outlet 
Press Press Temp. Temp. Flow Flow Flow Superheat Superheat Density Density Drop Sound Sound 
Velocity Velocity Speed Speed 
bars bars C C Iblh mls mls C C kg/ml\3 kg/ml\3 psi mls mls 
4.60 4.19 22.7 22.0 80.6 24.14 26.69 9.7 11.7 21.37 19.32 5.904 150.1 151.1 
4.93 4.48 38.9 34.5 86.9 26.02 28.36 23.7 22.2 21.37 19.6 6.571 155.7 155.2 
5.15 4.35 56.5 51.1 113.1 34.81 40.94 39.8 39.7 20.79 17.67 11.68 161.6 161.5 
5.35 4.32 61.0 56.4 123.1 37.05 45.80 43.2 45.2 21.25 17.19 14.9 162.8 163.4 
5.84 4.37 60.3 55.9 150.5 41.02 55.28 39.6 44.3 23.47 17.42 21.41 161.5 163.1 
6.30 4.46 61.2 56.2 172.8 43.48 62.12 38.1 44.0 25.42 17.79 26.76 160.9 163 
6.61 4.52 55.9 52.3 184.2 42.99 64.23 31.2 39.7 27.41 18.34 30.23 158.2 161.6 
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APPENDIX D - ENGINEERING EQUATION SOLVER 
PROGRAMS (CALCULATIONS) 
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APPENDIX D 
Figure Description/Comments Page No. 
No. 
0.1 Density estimation equations Appendix D - 2 
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estimation equations (for coincidence diagram) 
0.6 Pipe internal cutoff frequencies estimation Appendix D - 6 
equations 
0.7 Estimation of acoustic wavenumbers (for Appendix D - 7 
coincidence diagrams) 
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Density Estimation Equations. 
8.314 
R =--
102 
Tc = 374.2 
Pc = 4067 
2 TC 25 
a = 0.4275· R '--
Pc 
Tc 
b = 0.08664 . R . -
Pc 
0.5· iTh . (b . Pf1 + R . Th) + ) i -4 . a . Pf1 . d· v I Th + Th . (b . Pf1 + R . Th)2: J:»red = c . : 
Pf1 .• /Th 
Th = Tf1 + 273.2 
Tf1 = tsat + 50 
tsatcal = -38.29 + 1.163' Ppsi - 0.00758 . Ppsi 2 + 0.00002832 . Ppsi 3 - 4.115x 10-8 . Ppsi 4 
kPal 
Pf1 = Ppsi' 6.895· -- ! 
psia! 
" 
p = p(R134a, P=Pf1, T=Tf1) 
kPa i 
tsat = TI R134a, P=Ppsi' 6.895' --. ,x=0.5 i 
. pSI 
error = 100· 
I . -I 
i P - inred i ! 
. rt' ! 
J:» red 
c1 = 1.02 + 0.00006632' Pf1 + 6.124x 10-8 . Pf1 2 - 6.001 x 10- 11 . Pf1 3 
c2 = -0.001539' Tf1 + 0.00002327 . Tf12 - 2.645 x 10 -8. Tf1 3 - 2.201 x 10 -7. Pf1 . Tf1 
c3 = -2.714x 10- 8 . Pf1· Tf12 + 2.783x 10- 10 . Pf1 2 . Tf1 + 1.173x 10- 11 . Pf1 2 . Tf12 
c = c1 + c2 + c3 
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-1 
Mass Flow Estimation Equations. 
Ot = 0.375' 0.0254 
OJ = 0.8 . 0.0254 
Ot 2 
Atventuri = 7t. 4 
Ck = 0.948 
k = 1.09 
OPpsjd = 3 
Tf1 = 25 
I kPa 
Pf1 = 90· i 6.895 . -l psi 
r Pa I 
8p = OPpsid· i 6895 . -.\ 
~ PSI J 
R = p(R134a, T=Tf1, P=Pf1) 
mdot = Ck . Y . Atventuri . 
I 2 . 8p . R 1 
'\ I ! Ot i 4 I 
\/ 1-i-! I 
V \ OJ) J 
(2 \ k - 1 
(e IOt\41 r k l\ /pf2\lki If i pf2 k 
:j1-i-1 1.1--1 1.\-1,1'11-11-
i, L \ OJ jj l k - 1 j i Pf1 i \ I Pf1 Y = r 2"1 
! IOt 14 ipf2llkl ! Pf2) 
:1-1- 1 'l- J ·11--\ L OJ J Pf1 J \ Pf1 I 
pf2 = Pf1 - 8p . r 0.001 . kPa l l Pa J 
Tsat = T(R134a, P=Pf1, x=0.5) 
Otsuperheat = Tf1 - Tsat 
(1 I 2) 
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Saturated Temperature Equation Fit. 
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Natural frequencies of aluminum tube estimation equations 
(for coincidence diagram) 
{Aluminum pipe to plate evaporator NS} 
{Data for Aluminum} 
E = 7.1 x 10 10 {Young Modulus (Pa)} 
v = 0.33 {poisson ratio} 
p = 2700 {density (kglm3)} 
{Smaller pipe} 
{pipe data} 
am = 0.005815 {mean pipe radius (m)} 
h = 0.00107 {pipe wall thickness (m)} 
L = 0.35 {pipe length between supports} 
ai = 0.00528 {pipe intemal radius (m)} 
h 
ratio = 
am 
{pipe natural frequencies} 
. cL 2 
fmn2 = -----
4 . 1t 2 . am 2 
fm n = jfrTin2 
wm n = 2 . 1t . fm n 
E 
cL = 
.\ ! 2 \j p. (1 -v ) 
h P = ----,:~-
2· f3. am 
" 
K 2 = Km 2· + Kn 2 
Km 
am 
=m·1t·-
L 
Kn = n 
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Pipe internal cutoff frequencies estimation equations 
{pIpe cutoff frequencies} 
Ma = 0.05 
Fco1 
Fco2 
Fco3 
( 1 I 2) 
· (1 _Ma 2 ) 
= pi alpha 1 . CI . -- -'----2 . 1t . ai 
· (1 _Ma 2)(1/2) 
= pi a l p ha2 . CI '-~-------2 . 1t . ai 
· (1 _Ma 2 )(1 12) 
= pi a lp ha3 . CI . ------2 . 1t . ai 
(1 _Ma 2 )(1 12) 
Fco4 = pi a lp ha4 . ci . 2 . 1t . ai 
pi alp ha1 = 1.8412 
pi a l p ha2 = 3.0542 
pi alp ha3 = 3.8317 
pi alp ha4 = 4.2012 
ci = 160 {r134a speed of sound (mls) approx. for superheated vaporj 
{Speed of sound calculation} 
kPa P1 = 15· 6.8948,-
psi 
T1 = 20 
/ r Pa i 
/1 I 1000 . -- ! kPa i d P . -"----------"-c1 = drho 
dp = 0.01 
drho = density2 -density1 
density1 = p(,R134a', P=P1, T=T1) 
entropy 1 = s (' R 134a' , P=P1, T=T1) 
density2 = p('R134a', P=P1 + dp, s=entropy1) 
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Estimation of acoustic wavenumbers (for coincidence 
diagrams) 
(Estimation of acoustic wate numbers of the first and second cutoff modes for) 
Small aluminum pipe (only internal radius is needed)} 
Ma = 0.05 {Mach numbetJ 
ci = 160 (Speed fo sound in R134a approx) 
ai = 0.00528 {pipe internal radius m} 
kpq20 = 
3.0542 
ai 
{Circumferential watenumber for p=2, q=O} 
kpq10 = 
1.8412 
ai 
{Circumferential watenumber for p=1. q=O} 
pi alp ha1 = 1.8412 
pi al p ha2 = 3.0542 
(1 2 (1 12) 
Fcopq10 pi alp ha1 . ci . 
-Ma ) 
= 2 . 1t . ai 
(1 2 (1 12) 
Fcopq20 pi alp ha2 . ci . 
-Ma ) 
= 2 . 1t . ai 
Kx1limit 
Ma Kx21imit = -kpq20 . ------,---,--
(1 _Ma 2 )(1 12) 
Kkx110 = Kx1limit· ai 
Kkx210 = Kx2limit· ai 
freq10 = Fcopq10 
freq20 = Fcopq20 
w1 0 = freq 1 0 . 2 . 1t 
w20 = freq20 . 2 . 1t 
W11 = 2 . 1t . Fcopq10 + 0.00001 
14000 
inc1 = ---
100 
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Kkx11j = ai . 
w1 j / ( w1 j ~ . -- . Ma + ., " 12 . -- . Ma 
ci \i, ci 
2 
freq1 j w1j = 
2'7[ 
for i = 1 to 100 
w1j+1 =w1j+inc1 for i = 1 to 100 
W21 = 2 . 7[ . Fcopq20 + 0.00001 
inc2 = 
13000 
100 
w2. / w2j \2 ~ ._1. Ma +" 2 '-.. Mal 
ci \' CI ! 
2 2 w11' 2 
- 4· (1 -Ma ). kpq10 -
ci 
iw2' 2 
4 . (1 _Ma 2 ). kpq20 2 -1-.1 
\ CI 
Kkx21 j = ai . i 
i 2 2 . (1 - Ma ) 
freq2j w2j = 
2'7[ 
for i = 1 to 100 
w2 j+1 = w2j + inc2 for i = 1 to 100 
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for i = 1 to 100 
for i = 1 to 100 
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Cross Sectional Areas of Plate Evaporators 
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LH Production Cross Section 1 
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LHProduction Cross Section 2 
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NS Production Cross Section 1 
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Average Area = 41.3 mmA2 
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PL Robust Cross Section 
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Figure E. 17. View of instrumentation used for 1994 Caravan tests. 
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Figure E.19. View of instrumentation used for 1997 Caravan tests. 
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Figure E.2S. LH robust plate evaporator showing the positions where 
acceleration was measured. 
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Figure F.1. Sound pressure level spectrum from recordings of vehicle with NS production plate evaporator installed. This 
spectrum taken using a portion of the recording that showed no hiss. Work done at Chrysler Technical Center. 
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Figure F.2. Sound pressure level spectrum from recordings of vehicle with NS production plate evaporator installed. This 
spectrum taken using a portion of the recording that ~howed hiss. Work done at Chrysler Technical Center. 
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Figure F.3. Sound pressure level spectrum from recordings of vehicle with NS robust plate evaporator installed. This 
spectrum taken using a portion of the recording that showed no hiss. Work done at Chrysler Technical Center. 
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Figure F.4. Sound pressure level spectrum from recordings of vehicle with NS robust plate evaporator installed. This 
spectrum taken using a portion of the recording that showed hiss. Work done at Chrysler Technical Center. 
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NS production with hiss and no hiss, from recordings 
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Figure F.S. This graph shows a comparison between the spectra of Figures F.1 and F.2. (Black curve with "hiss", Red 
curve with "no hiss") .. The difference between the two lines establishes what is considered the "hiss". 
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Figure F.6. This Figure is a plot of the differences between the two lines of Figure F.5. The scale has been changed from 
logarithmic in Figure F.5 to dB sound pressure level (SPL) re to 20e-6 Pa. 
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Figure F.7. This graph shows a comparison between the spectra of Figures F.3 and F.4. (Black curve with "hiss", Red 
curve with "no hiss"). The difference between the two lines establishes what is considered the "hiss". 
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Figure F. 8. This Figure is a plot of the differences between the two lines of Figure F. 7. The scale has been changed from 
logarithmic in Figure F. 7 to dB sound pressure level (SPL) re to 20e-6 Pa. 
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